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ABSTRACT
Recent observations show dramatic changes of the Arctic atmosphere–ice–ocean system, including a rapid
warming in the intermediate Atlantic water of the Arctic Ocean. Here it is demonstrated through the analysis
of a vast collection of previously unsynthesized observational data, that over the twentieth century Atlantic
water variability was dominated by low-frequency oscillations (LFO) on time scales of 50–80 yr. Associated
with this variability, the Atlantic water temperature record shows two warm periods in the 1930s–40s and in
recent decades and two cold periods earlier in the century and in the 1960s–70s. Over recent decades, the data
show a warming and salinification of the Atlantic layer accompanied by its shoaling and, probably, thinning.
The estimate of the Atlantic water temperature variability shows a general warming trend; however, over the
100-yr record there are periods (including the recent decades) with short-term trends strongly amplified by
multidecadal variations. Observational data provide evidence that Atlantic water temperature, Arctic surface air
temperature, and ice extent and fast ice thickness in the Siberian marginal seas display coherent LFO. The
hydrographic data used support a negative feedback mechanism through which changes of density act to moderate
the inflow of Atlantic water to the Arctic Ocean, consistent with the decrease of positive Atlantic water temperature anomalies in the late 1990s. The sustained Atlantic water temperature and salinity anomalies in the
Arctic Ocean are associated with hydrographic anomalies of the same sign in the Greenland–Norwegian Seas
and of the opposite sign in the Labrador Sea. Finally, it is found that the Arctic air–sea–ice system and the
North Atlantic sea surface temperature display coherent low-frequency fluctuations. Elucidating the mechanisms
behind this relationship will be critical to an understanding of the complex nature of low-frequency variability
found in the Arctic and in lower-latitude regions.

1. Introduction
Exchanges between the Arctic and North Atlantic
Ocean have a profound influence on the circulation and
thermodynamics of each basin (Aagaard and Carmack
1994). The Arctic Ocean is one of the major source
regions for the surface waters of the subpolar seas in
which weak stratification leads to deep convection, a
key part of the global thermohaline circulation (Dickson
et al. 2000). The warm and salty Atlantic water (AW)
plays a special role in the thermal balance of the Arctic
Ocean. It enters the Norwegian Sea through the Faeroe–
Shetland Channel as the Norwegian Current. Part of this
flow continues east on the Barents Sea shelf (see Fig.
1 for geographical notations), while another part, the
West Spitsbergen Current, flows toward Spitsbergen.
There it merges with colder and fresher Arctic surface
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water, sinks to intermediate levels, and flows into the
Arctic Ocean. The Norwegian Current supplies the Arctic Ocean with AW, forming a warm (temperature .
08C) intermediate layer. Within the Arctic interior the
subsurface AW circulation is strongly affected by bottom topography, flowing cyclonically along the basin
margins (Rudels et al. 1994; Fig. 1).
Isolated from drifting ice by a fresh and cold surface
layer, the intermediate AW carries vast quantities of
heat. Maximum (28–38C) AW core temperatures
(AWCTs) are found in the Nansen Basin, while in the
Canadian Basin the AWCT does not exceed 0.48–0.68C
(Treshnikov 1985). This AWCT decrease provides evidence that some fraction of AW heat is lost along the
AW pathways. However, mechanisms of the AW ventilation are still very uncertain. For example, the substantial AWCT decrease along the Nansen Basin slope
cannot be explained by a diapycnal diffusion. There are,
however, some indications that AW heat may be lost
above the upper slope of the Laptev Sea (Schauer et al.
1997; D. Walsh et al. 2004, unpublished manuscript).
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FIG. 1. Map of the Arctic Ocean. Locations of oceanographic stations used in this study are shown by red dots.
Boxes delineate regions used in the analysis of the ocean temperature. The pathways of Atlantic water generally follow
topographic contours keeping shallow regions on their right and are shown schematically by gray arrows.

Released into the upper ocean, this heat has the potential
to melt substantial quantities of Arctic ice. Carmack et
al. (1997) speculate that the strong lateral thermohaline
interleaving may account for the decrease in AWCT.
Over the past several decades, the Arctic has undergone substantial changes (Serreze et al. 2000; Morison
et al. 2000; Overland et al. 2004). Enhanced transport
of warmer air from lower latitudes (Serreze et al. 1997)
leads to increased arctic surface air temperature (SAT;
Martin et al. 1997; Rigor et al. 2000) associated with
decreased arctic sea level pressure (SLP), increased polar atmospheric cyclonicity (Walsh et al. 1996), and
storminess (Zhang et al. 2004). Concurrent with these
atmospheric changes are reductions in arctic ice extent
(Johannessen et al. 1995; Maslanik et al. 1996; Cavalieri
et al 2003; Vinje 2001) and a decrease of ice thickness
(Rothrock et al. 1999; Tucker et al. 2001). Extreme
amplification of the polar vortex in the late 1980s and
early 1990s triggered significant changes in the upper
Arctic Ocean. Steele and Boyd (1998) found a retreat
of fresh surface waters and the loss of the cold halocline
layer from the Eurasian Basin in the 1990s. In contrast,

near-surface observations in the Canadian Basin in the
1990s showed strong freshening (McPhee et al. 1998).
The first evidence of strong warming in the Atlantic
Water layer was found in the Nansen Basin in 1990
(Quadfasel et al. 1991). Positive AWCT anomalies of
up to 18C were carried along the continental margin into
the Arctic Ocean interior (Carmack et al. 1995, 1997;
Steele and Boyd 1998; Morison et al. 1998b, 2000; Swift
et al. 1997; SCICEX 2004). Increased transport of water
caused a displacement toward the Canadian Basin of
the Pacific–Atlantic water boundary (Carmack et al.
1995; McLaughlin et al. 1996; Morison et al. 1998b).
Yearlong mooring observations on the slope of the eastern Amundsen Basin in 1995–96 showed generally
warmer AWCT, by about 18C, compared with climatologies (Woodgate et al. 2001). Both observations
(Woodgate et al. 2001) and modeling (Karcher et al.
2003) indicate a highly variable nature of the AW flow,
with abrupt cooling/warming events that complicate the
investigation of long-term variability in the AW.
It is quite possible that many of the recent changes
described above can in part be attributed to large-am-
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TABLE 1. Observations used in this study. Footnotes identify data sources.

Expedition (source)

Time

Region

Number of stations

Nanesn
Various expeditionsb
bsvarc
sever25–31b
Mellingc
lorexc
ymerc
eubexc
cesarc
polarstar84a
polygonb
aiwexa
polarstar87a
nogapc
ice89c
oden91a
scicexa
aos94a
shebad
npeoa
nabos02e

1893–96
1899–1959
1950–87
1973–79
1979–94
1979
1980
1981
1983
1984
1984, 1985, and 1989
1985
1987
1987–93
1989
1991
1993 and 1997–98
1994
1997–98
2000–02
2002

Eurasian Basin
Arctic Ocean
Beaufort Sea
Arctic Ocean
Canada Basin
Arctic Ocean
Fram Strait
Eurasian Basin
Arctic Ocean
Eurasian Basin
Nansen Basin
Arctic Ocean
Eurasian Basin
Beaufort Sea
Canadian Basin
Eurasian Basin
Arctic Ocean
Arctic Ocean
Canadian Basin
North Pole area
Eurasian Basin

28
515
1541
1034
424
2
20
37
44
70
195
7
59
53
6
51
278
110
40
27
22

a

National Snow and Ice Data Center (available online at http://nsidc.org).
Arctic and Antarctic Research Institute, St. Petersburg, Russia.
c
Environmental Working Group (1997).
d
SHEBA (available online at http://sheba.apl.washington.edu).
e
International Arctic Research Center.
a

b

plitude multidecadal fluctuations with a time scale of
50–80 yr. This high-latitude low-frequency variability
[dubbed ‘‘LFO’’ (low-frequency oscillation), Polyakov
and Johnson (2000)] is evident in various climatically
important parameters of the Arctic air–sea–ice system
(Mysak et al. 1990; Yi et al. 1999; Venegas and Mysak
2000; Polyakov et al. 2002, 2003a,b) as well as in proxy
records (Delworth and Mann 2000). Understanding the
mechanisms behind this variability is not trivial due to
its evolving spectrum and changing relationship with
large-scale climate parameters like the North Atlantic
Oscillation (NAO). However, spectral analysis of the
NAO index time series from 1886 to 1994 shows a
significant portion of energy concentrated at about 0.02
(cycle/year), a period of approximately 50 yr (Yi et al.
1999, see their Fig. 9b). In contrast to the warming of
the 1990s, the 1930s warm period in the Arctic did not
coincide with a positive phase of the NAO, which has
led Bengtsson et al. (2004) to argue, using observations
and model results, that the early twentieth-century
warming is associated with local Arctic air–sea–ice interactions.
Schlesinger and Ramankutty (1994) have documented
multidecadal variability in Northern Hemispheric surface air temperatures that is particularly strong in the
North Atlantic sector. This low-frequency oscillation
(LFO) is evident in various instrumental records of the
Northern Hemisphere [see Delworth and Mann (2000)
for numerous references therein]. For example, Minobe
(1997) analyzed SLP over the central North Pacific
Ocean, SAT in western North America, sea surface tem-

perature (SST) in the eastern North Pacific, Indian
Ocean–Maritime Continent region, and in Japan, and
reconstructed SAT from tree rings in North America.
Minobe found variability with approximate time scales
of 70 yr. Surface marine observations in the North Atlantic display distinct basinwide patterns of multidecadal SST variability (Kushnir 1994). According to the
analysis of a long-term integration of the Geophysical
Fluid Dynamics Laboratory coupled atmosphere–ocean
model, this variability is related to fluctuations in the
thermohaline circulation in the North Atlantic, particularly in SST (Delworth and Mann 2000). The Atlantic
Multidecadal Oscillation, identified in sea surface temperatures (Enfield et al. 2001), is associated with hydrological anomalies over North America, where an
anomalously warm Atlantic is connected with precipitation deficits in the Midwest. It is yet to be understood
how the Arctic multidecadal fluctuations fit into the
global multidecadal variability and what the forcing
mechanisms are. Here we demonstrate, through the analysis of a vast collection of previously unsynthesized
observational data, that the AW variability exhibits a
LFO-like pattern with prolonged positive and negative
phases of the AW anomalies. This identifies a piece of
the puzzle of how high-latitude variability is connected
to the lower latitudes.
2. Data and methods
The data used in this study consolidates several datasets (Table 1). Measurements made by Nansen (1902)
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during his famous drift on board Fram began the era
of deep-sea observation in the Arctic Ocean. Occasional
ship-based observations near Fram Strait occurred starting in the beginning of the twentieth century. Systematic
oceanographic observations began only in the 1930s–
40s, when the Russians started a monitoring program
consisting of manned ice-drift stations and winter aircraft surveys complemented by ship-based studies during summer. In 1955–56 the first Russian basin-scale
aircraft surveys were conducted. A few observations are
available starting in the 1960s, but the 1970s was an
exceptional period in the history of high-latitude exploration, with seven Russian winter aircraft surveys
(1973–79) and 1034 oceanographic stations during this
period. This information comprised the bulk of the data
used to construct the atlases of the Arctic Ocean by
Gorshkov (1980), Treshnikov (1985), and the Environmental Working Group (1997). Most measurements during the 1980s were made within limited, local areas. In
the 1990s, the intensive use of icebreakers and submarines opened a new phase in the history of Arctic
observation. Vast areas of the Arctic Ocean, previously
limited to ship-based sampling in light ice conditions,
were now within reach of these powerful scientific observational platforms. Data from only a few oceanographic casts carried out in the 2000s are available. The
temporal distribution of measurements used in this study
is shown at the bottom of Fig. 2 (top).
Most historical (prior to the 1980s) observations used
Nansen bottles to take water samples and measure temperatures at standard levels. The accuracy of temperature and salinity measurements is estimated to be 0.018C
and 0.02 psu, respectively (Environmental Working
Group 1997). While having rather coarse vertical resolution, the data provide good horizontal coverage, and
the multiyear coverage makes the data an invaluable
resource for use in understanding interannual variations
of the water mass structure within the Arctic Ocean.
Polyakov et al. (2003c) showed that the coarse vertical
resolution of the historical data in the vicinity of the
AW core allows the AWCT to be computed quite accurately, but the precise depth of the temperature maximum cannot be accurately deduced from the data. In
recent years CTD measurements were obtained, which
have accuracies at least an order of magnitude greater
than the bottle measurements.
Because maximum AWCT variability is found in the
Eurasian Basin, with variability decreasing toward the
Beaufort Sea (Polyakov et al. 2003c), a direct comparison of AWCT fluctuations from different Arctic Ocean
regions is problematic. However, we can obtain comparable regional quantities by reducing AWCTs from
different regions to their anomalies and normalizing
these anomalies by their respective regional standard
deviations. This approach was first proposed by G.
Alekseev and has been used for analysis of the AWCT
(G. Alekseev et al. 2003, unpublished manuscript).
Alekseev et al. were first to show the existence of mul-
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tidecadal mode of variability in the AWCT data. Because the latter study was based on an analysis of only
187 stations within eight local Arctic regions, the statistical estimates were not well constrained. In our study,
the Arctic Ocean is divided into ten boxes (regions) of
approximately equal areas (Fig. 1). Individual (snapshot) measurements over the ten regions were averaged
within a given year and region to produce ten regional
time series of composite AWCT. The length of the regional composite records is shown in Table 2. Based on
these composite values, regional means (T reg ) and standard deviations (sreg ) were calculated (Table 2). Each
regional composite value was then reduced to an anomaly relative to its regional mean T reg and normalized by
its regional sreg . These normalized regional AWCT
anomalies are shown in Fig. 2 by gray numerals that
correspond to the region they represent (i.e., ‘‘1’’ corresponds to values for Region 1, etc.). The red curve
represents normalized regional AWCT anomalies averaged over these ten regions. Sensitivity to our regional
statistical estimates of AWCT mean and variations to
region size, location, and averaging procedure within
each box is discussed in the appendix.
3. Long-term Atlantic water core temperature
variability
a. Long-term variability and trends
The normalized AWCT anomalies (Fig. 2, red) show
two distinct warm periods from the late 1920s to 1950s
and in the late 1980s–90s and two cold periods, one at
the beginning of the record (until the 1920s) and another
in the 1960s–70s. The differences between 15-yr averages at the LFO peaks (horizontal lines in Fig. 2, top)
emphasize different thermal conditions during warm and
cold periods. The same periods stand out for the Arctic
SAT [green line in Fig. 2, middle, see also Polyakov et
al. (2003a)], ice extent and fast-ice thickness from the
Arctic Siberian seas [blue line in Fig. 2, middle, see
also Polyakov et al. (2003b)], ocean salinity in the upper
50 m of the Barents Sea (Polyakov and Johnson 2000),
as well as other climatically important high-latitude parameters. These AWCT changes compare favorably with
the warming trend found in 1978–93 based on a record
of the mean water temperature between 50 to 200 m in
the West Spitsbergen Current south of Svalbard (Blindheim et al. 2000). The above periods were attributed
to the positive/negative phases of low-frequency oscillation (LFO) with higher/lower maritime Arctic SAT
and atmospheric vorticity, lower/higher SLP, and reduced/increased ice concentration and landfast ice thickness in the Arctic marginal seas (Polyakov and Johnson
2000). The similarity between the normalized AWCT
anomalies (red), composite Arctic SAT (green), and fast
ice thickness (blue) is particularly striking, with concurrent warm and cold phases that correspond to decreases and increases of fast ice thickness (Fig. 2, mid-
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FIG. 2. Long-term variability of the Atlantic water temperature. (top) Gray numbers represent normalized
Atlantic water core temperature (AWCT) anomalies for the 10 regions outlined in Fig. 1. Averaged annual
values of the normalized AWCT anomalies are shown by the red line (dashed segments represent gaps in
the record). Green horizontal lines show 15-yr means. Two highly correlated gray lines show the AW layer
thinning (solid) and shoaling (reduction of the upper-boundary depth; dashed) in the late 1970s–90s. Numbers
at the bottom of the panel denote the 5-yr-averaged number of stations used in the data analysis. (middle)
For comparison, in addition to the normalized AWCT anomalies (red), a composite time series of the
normalized 6-yr running mean Arctic SAT anomalies (Polyakov et al. 2003a) (green) and normalized time
series of 6-yr running mean anomalies of fast ice thickness at station Sterlegova (Kara Sea, blue) are shown.
(bottom) Linkage between processes in the Arctic and North Atlantic. The AWCT (red), normalized 6-yr
running mean 10-m water temperature anomalies from ocean weather station Mike at 668N, 28E (Norwegian
Sea, blue), and normalized North Atlantic SST anomalies from the region limited by 08–908N, 2908–308E
(green) are shown.

dle). There are, however, some important differences:
while the Arctic SAT reaches its warmest temperatures
in the 1930s–early 1940s, the AWCT displays slightly
higher temperatures in recent decades. It is possible that

undersampling in the 1930s–40s may impact that part
of the AWCT record.
A background warming trend (evaluated by the least
squares method) for 1893–2002 of about 0.13 6 0.04
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TABLE 2. AWCT regional means (T reg ), standard deviations (sreg ), and the length N (number of years with data) used
to calculated these statistics.
Region

1

2

3

4

5

6

7

8

9

10

N
T reg
sreg

27
0.44
0.03

12
0.42
0.03

26
0.62
0.20

59
3.72
1.72

18
0.49
0.06

24
0.57
0.12

23
0.91
0.16

19
1.67
0.43

23
0.73
0.24

24
1.31
0.32

standard deviation (s) of the annual mean AWCT per
decade is also apparent from the AWCT record (Fig.
2). Analyzing Arctic SAT trends, it was shown that the
trends are strongly modulated by pronounced multidecadal variability (Polyakov et al. 2002), which may in
some cases overwhelm long-term trends. It was argued
that multidecadal variability had little net effect on computed trends during the twentieth century since positive
and negative LFO phases fortuitously cancel each other.
Extending this argument to the AWCT, we calculate the
contribution of multidecadal fluctuations to AWCT
change in recent decades. The difference between decadal means for the 1970s and 1990s is about 1.17 6
0.21s, approximately 20% of which is apparently due
to the long-term trend, whereas 80% of the observed
recent AW warming may be attributed to the multidecadal variability. Caution is required in the analysis of
regional trends due to a dearth of observations, especially in the early parts of the record. Because of the
above assumptions and a wide range of uncertainties,
our estimates must be viewed as approximate, qualitative measures of the AWCT trends and variations.
b. Atlantic water during positive and negative LFO
phases
It is fortunate that the densest data coverage falls in
the 1970s and 1990s, corresponding to a negative and
positive phase of the multidecadal temperature variability, thus allowing a detailed analysis of differences
between these two LFO phases. High 1980–90 values
of the NAO index, characterized by a north–south oriented dipole in sea level pressure over the Atlantic (Hurrell 1995), drove warmer water from the North Atlantic
into the Norwegian Sea and farther into the Arctic
Ocean (Swift et al. 1997; Dickson et al. 2000). This
likely enhanced the inflow of warmer water, resulting
in higher temperatures along the AW pathways (Fig. 3)
(see also Swift et al. 1997; Grotefendt et al. 1998; Morison et al. 1998b; Steele and Boyd 1998). For example,
the position of the 0.758C isotherm in the 1990s was
shifted more than 1000 km farther east along the Siberian continental slope compared with the 1970s (Fig.
3). There is evidence of relatively uniform AW in the
Nansen Basin, with a front along the Nansen–Gakkel
Ridge in the 1990s (Swift et al. 1997; Steele and Boyd
1998). Note the surprisingly high speed with which the
positive anomaly propagated into the Arctic Ocean interior where within one decade (1990s) vast areas of the
polar basin were filled with anomalously warm water

(Fig. 3). This fact seems to contradict isotope-based
renewal times of the order of 1–2 decades suggested by
Smethie et al. (2000). The same discrepancy between
estimates deduced from current measurements and chlorofuorocarbon (CFC) age calculation was noticed by
Woodgate et al. (2001, see p. 1774). There was less
warming in the 1990s in the eastern part of the Canadian
Basin (Fig. 3), as was also shown by Pawlowicz and
Farmer (1997). Associated with the recent warming was
AW salinification; in particular, the basinwide averaged
salinity within the 200–800-m layer increased from
34.80 psu in the 1970s to 34.84 psu in the 1990s.
Averaged over the Arctic Ocean, AW heat content
(not shown) was larger by about 4.3 3 10 8 J m 22 in
the 1990s compared with the 1970s, which constitutes
approximately 9% of the total AW heat content. Approximately 80% (or ;3.4 3 10 8 J m 22 ) of this heat
may be arguably attributed to multidecadal fluctuations
if arguments similar to those used to separate low-frequency AWCT variability from long-term trends are applied. This component of AW heat content appears to
fluctuate with a half-period of 25–30 yr and, when expressed as an effective vertical flux, represents an oscillatory flux with an amplitude of 0.4–0.6 W m 22 . Estimates of upward heat flux from the AW yield values
from 1.3 W m 22 [analytical model (Rudels et al. 1996)]
to 2.1 W m 22 [one-dimensional mixed-layer model
(Steele and Boyd 1998)], 3–4 W m 22 [parameterization
for the bulk heat transfer coefficient from the mixed
layer temperature (Krishfield and Perovich 2004, manuscript submitted to J. Geophys. Res.)], 4–6 W m 22
[heat budget estimates for the eastern Nansen Basin (D.
Walsh et al. 2004, unpublished manuscript)], and as
large as 15–30 W m 22 for the Eurasian Basin interior
and 150–160 W m 22 for its shelf and slope areas [estimates based on parameterizations of vertical mixing
in the oceans, Dewey et al. (1999)]. Using observed
melting rates and temperature profiles within ice,
McPhee and Untersteiner (1982) estimated an oceanic
heat flux of less than 2 W m 22 to the ice in the region
northwest of Spitzbergen, placing an upper limit on thermocline heat fluxes in this area. Thus the LFO-associated component of heat flux may constitute between
10% and 50% of current heat flux estimates [excluding
somewhat extreme estimates by Dewey et al. (1999)].
This flux of 0.4–0.6 W m 22 could cause 0.8–1.0 m loss
in ice thickness over the last 20 years or approximately
the amount seen in recent decades (Rothrock et al.
1999). Note that these estimates are based on the severe
assumption that all heat is mixed upward from the AW
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FIG. 3. Spatial distributions of the AW temperature anomalies (8C) averaged over the positive (1990s, red) and negative
(1970s, blue) phases of the multidecadal variability (some smoothing based on the Laplacian operator is applied). Data coverage
for each decade is shown in the panels inserted at the top corners with blue (red) dots representing the 1970s (1990s). Warm
AW in the 1990s has spread farther in the basin interior along the Siberian continental slope than in the 1970s.

and through the near-surface freshwater cap to the surface. There is evidence that suggests upward fluxes occur preferentially in near-slope locations where especially strong convective mixing occurs (Steele and Morison 1993; D. Walsh et al. 2004, unpublished manuscript). Modeling results (e.g., Häkkinen and Mellor
1992) also suggest strong spatial variations of the oceanic heat flux. Thus, we may expect greater localized
heat fluxes associated with anomalously high AW heat
content during positive LFO phases than during cooler
negative phases.
Recent changes in the Arctic atmosphere are consistent with a dipolelike scheme of alternating Arctic atmospheric circulation regimes with weakened/strengthened anticyclonic Beaufort gyre and intensified/suppressed cyclonic circulation in the eastern Arctic [Gudkovich (1961); see our schematic Fig. 4, which is
updated and adapted from Proshutinsky and Johnson
(1997)]. These changes in atmospheric circulation have
a profound effect on the Arctic ice and oceanic conditions. For example, Proshutinsky and Johnson (1997)
found periods of intensified cyclonic/anticyclonic ice
drift to be associated with decadal cyclonic/anticyclonic

atmospheric circulation regimes. Walsh et al. (1996) argued that cyclonic winds cause divergent ice drift resulting in overall thinner ice, while anticyclonic winds
produce convergent ice motion and generally thicker
ice. It has been hypothesized that cyclonic winds and
divergence of ice drift and surface currents elevate the
upper AW boundary (Proshutinsky and Johnson 1997).
Our data confirms that the divergence of prevailing cyclonic winds and surface circulation in the late 1980s–
90s resulted in shoaling of the AW upper boundary by
about 75 m with the center in the Makarov Basin (see
gray dashed line in Fig. 2). Steele and Boyd (1998)
previously reported that the AW layer shoaled by about
40 m within the Amundsen Basin. Shoaling of the AW
core was also reported by Morison et al. (1998a).
Carmack et al. (1997) and Swift et al. (1997) provided
the first observational evidence that the AW core was
also elevated in the 1990s compared with the 1970s.
Our data confirm that the AW core was lifted by approximately 150 m in recent decades, providing the spatial pattern of this anomaly (Fig. 5, left column). The
location of this domelike anomaly is in close proximity
to the location of zonally symmetric cells of SLP dif-

4492

JOURNAL OF CLIMATE

VOLUME 17

scale, the AW layer does not thicken during the positive
LFO phase, in conjunction with probably enhanced AW
inflow. In fact, the data suggest thinning of the AW layer
(the gray solid line in Fig. 2), which is highly correlated
in time with the AW layer shoaling. Note, however, that
there are numerous local (mostly at the deep basin margins) deviations from this general tendency. Also, the
precise depth of the AW lower boundary and, therefore,
its thickness cannot be accurately determined from the
historical data due to the coarse resolution (100–150 m)
of measurements in the deeper AW layer.
c. Possible regulatory mechanism of the Atlantic
water inflow

FIG. 4. A schematic showing atmospheric and oceanic circulation
during the two phases of multidecadal variability (LFO) in the Arctic.
During the positive phase, there is an increase of transport of warmer
air and water from the North Atlantic into the Arctic. The anticyclonic
Beaufort gyre is weakened/strengthened, and cyclonic circulation in
the eastern Arctic is intensified/suppressed during positive/negative
LFO phase. During the positive LFO phase, there is excess ice and
freshwater transport through Fram Strait from the Arctic, suppressing
deep-water convection in the Greenland Sea. Increased cyclonicity
under the positive phase of multidecadal variability causes divergence
of ice drift and surface circulation, leading to doming of the AW.
The well-developed Arctic high, evident during negative LFO phases,
results in intensified anticyclonic ice drift and surface circulation,
convergence of surface currents, and a depression in the AW.

ference between the two LFO phases (Polyakov and
Johnson 2000), which bear a strong resemblance to the
multidecadal SLP pattern (Johnson et al. 1999) and the
Arctic Oscillation pattern (Thompson and Wallace
1998). Surprisingly, our data suggest that, on the basin

The sustained warming tendency in the AW layer
stopped in the late 1990s (Boyd et al. 2002; Morison
et al. 2002), consistent with a weakening of the positive
phase of the multidecadal component of the NAO index
(Hurrel 2003). The differences in the spatial distributions of the integrated (0–800 m) density in the 1970s
and 1990s (Fig. 5, right column) may shed light on one
of the reasons why by the end of the 1990s the positive
temperature anomaly had decreased in the Arctic Ocean.
During the 1970s, the density minimum is centered in
the Canada Basin and is associated with the Beaufort
gyre (Fig. 5, top). During the 1990s, this minimum is
displaced farther toward the Canadian coast (Fig. 5,
middle). Thus, starting in the 1980s, increased inflow
of salty North Atlantic water into the Arctic Ocean (see
our Fig. 2) resulted in overall denser water in the upper
800 m (roughly the depth of the AW bottom boundary).
The spatial pattern of this anomaly resembles that of
the AWCT depth and has a maximum in the central
Arctic Ocean (cf. Fig. 5, bottom left and right).
This spatial distribution of the density anomaly causes
a water particle to move from areas with higher density
(or pressure) to lower density (i.e., from the center of
the basin toward its periphery) with a deflection to the
right due to the earth’s rotation (i.e., Coriolis force)
suggested by a simple geostrophic balance. Note that in
this balance we take into account vertically integrated
density gradients only and thus neglect another effect
of horizontal density inhomogeneties, which is densityinduced sea level gradients. In general, these two parts
of the density-dependent force work against each other.
A modeling study showed that the sea level gradients
prevail in the upper Arctic Ocean, driving circulation
anticyclonically in a way similar to wind-induced surface circulation (Polyakov 1996). In the deeper layers
of the Arctic Ocean, including the Atlantic water layer,
density gradients are the major driving force moving
water along the deep basin margins cyclonically. Since
our goal here is to get a rough qualitative estimate of
how density anomalies may possibly impact the AW
circulation, our analysis of a simple balance of forces
should be sufficient.
The resulting circulation tendency due to this balance
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FIG. 5. (left) The depth of the AWCT and (right) the integrated 0–800-m density averaged over (top) the 1970s,
(center) 1990s, and (bottom) their difference. Note that some smoothing based on the Laplacian operator is applied.
Starting from the 1970s, the increased inflow of salty dense North Atlantic water induced positive density anomalies
in the central Arctic Ocean. These anomalies suggest a geostrophic anomaly current (arrows), which acts to reduce
inflow into the Arctic (i.e., negative feedback).

of density gradients and the Coriolis force is shown by
arrows in Fig. 5 (lower right). It suggests that the density
structure at the end of the 1990s acted to partially offset
the inflow of Atlantic water into the Arctic Ocean. This
negative feedback highlights the complex coupled nature of air–sea–ice interactions at high latitudes. In addition, this suggests that an internal Arctic mechanism
plays an active role in high-latitude multidecadal vari-

ability, whether or not the fluctuations have a North
Atlantic source.
d. Links between variability of the Atlantic water
with processes in lower latitudes
Our data provide evidence that the AW variability is
positively correlated with the hydrographic changes in
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the Greenland and Norwegian Seas. Much of the variability in the AWCT is advected from upstream locations in the Norwegian Sea, as can be seen in a comparison of the AWCT (Fig. 2b, red) and the water temperature from the upper Norwegian Sea (blue, site of
Ocean Weather Station Mike at 668N, 28E). Both AW
and the upper Norwegian Sea display coherent fluctuations, with warmer water in the late 1940s–50s and
1980s–90s (positive LFO phases) and colder water in
the 1960s–70s (negative LFO phase). Earlier studies
suggest the importance of the Arctic Ocean for the deep
hydrographic regime in the Greenland and Norwegian
Seas (Aagaard et al. 1991). In recent decades, intermediate and deep waters of the Greenland and Norwegian Seas warmed and became more saline (Østerhus
and Gammelsrød 1999; Bønisch et al. 1997; Dickson et
al. 2000). It has been suggested that the warming and
salinification were caused (among several reasons) by
an enhanced exchange with the Arctic Ocean (Østerhus
and Gammelsrød 1999), and the warmer and saltier AW
found in the 1990s provides further support for this
hypothesis.
Over the last 50 years Labrador Sea records show
freshening and cooling (see, e.g., Fig. 1 of Dickson et
al. 2002). These Labrador Sea changes have a maximum
at a depth of 2000–3000 m but may be traced to shallower depths. The timing of these sustained anomalies
of the deep Labrador Sea hydrography corresponds well
to time intervals of anomalies of opposite sign found
in the Atlantic water of the Arctic Ocean, and in the
Greenland and Norwegian Seas. There is also evidence
that convective activity in the Labrador and Greenland
Seas is negatively correlated (Lazier 1980; Meincke et
al. 1992; Dickson et al. 1996). Spread by deep circulation, these anomalies of opposite sign affect the water
mass properties throughout the respective basins over a
considerable range of depths (Østerhus and Gammelsrød
1999; Dickson et al. 2002).
In the broader view, we expect a coupling of lowfrequency changes in the Arctic hydrography with those
at lower latitudes on larger spatial scales. Indeed, Fig.
2 (bottom) shows a remarkable resemblance between
time series of the AWCT (red) and North Atlantic SST
(green) where Kaplan et al. (1998) data over the region
08–908N, 2908–308E are used. Since the Arctic SAT, ice
extent and fast ice thickness, and temperature of the
intermediate Atlantic water of the Arctic Ocean display
coherent low-frequency variations, we may expand this
conclusion for the entire Arctic climate system. This
resemblance suggests a strong coupling between the
Arctic low-frequency oscillation and the Atlantic multidecadal oscillation, identified in sea surface temperatures (Enfield et al. 2001). Elucidating the mechanisms
behind this relationship will be critical to our understanding of the complex nature of low-frequency variability found in the Arctic and at lower latitudes.
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4. Conclusions
We examine long-term variability of the Atlantic water using high-latitude hydrographic measurements
starting in the late nineteenth century. Despite gaps in
the early parts of the record, our analysis provides evidence that AW variability is dominated by multidecadal
fluctuations with a time scale of 50–80 yr (LFO). The
resemblance between variability of the AW and other
key climatic parameters such as air temperature and
pressure (Polyakov et al. 2003a), ice extent and thickness (Polyakov et al. 2003b), sea level (Dvorkin et al.
2000), and Barents Sea salinity (Polyakov and Johnson
2000) is striking, suggesting a close connection between
large-scale atmospheric circulation and Arctic ice and
oceanic conditions. In addition to documenting the variability we would like to determine the extent to which
observed fluctuations in AW structure and properties
represent a ‘‘static’’ thermodynamic response and to
what extent they are a dynamical response to winds
driving the circulation. Clearly, the observed shoaling
of the AW layer in the 1990s is heavily influenced by
the dynamics, while temperature, salinity, and heat content fluctuations may be either dynamically or thermodynamically controlled. While discerning the detailed causes of the observed variability will require
further investigation of observational and modeling
data, our analysis suggests a possible negative feedback
mechanism through which changes in density act to
moderate the inflow of Atlantic water to the Arctic
Ocean, and hence a potential local source for fluctuations in AW inflow. This negative feedback may in part
explain the decrease in warm Atlantic water temperature
anomalies evident in the late 1990s. Sustained concerted
phases of warming/salinification and cooling/freshening
in the Arctic Ocean and Greenland and Norwegian Seas,
and the opposition of the variability in these basins and
the Labrador Sea, are likely due to air–sea interaction
on larger spatial scales. Indeed, the striking resemblance
between the variability of the North Atlantic SST and
AWCT supports a possible linkage of low-frequency
variations occuring in the Arctic and North Atlantic.
The coordinated set of changes in the Arctic air–sea–
ice system and the North Atlantic SSTs emphasizes the
possible importance of high-latitude regions to global
climate since evidently ‘‘a means exists of transferring
the ‘signal’ of high-latitude climate change to the deep
and abyssal headwaters of the global thermocline circulation’’ (Dickson et al. 2002).
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APPENDIX
Error Estimates
Note a certain level of ‘‘noise’’ in the AWCT data—
the scatter is partially due to real noise in the observational data, especially in regions where standard deviations are not much higher than the accuracy of observations, or in earlier parts of the record (Regions 1
and 2; see Table 2, Fig. 2). However, we believe this is
also due to difficulties in choosing regions with spatially
similar (homogeneous) properties. For example, in the
1990s when the data quality improved, estimates for the
Fram Strait region (Region 4) still show some intraregion scatter, with both positive and negative anomalies.
This dynamically rich region where the warm West
Spitsbergen Current interacts with the cold East Greenland Current is characterized by a high level of variability (Polyakov et al. 2003c). Despite the relatively
high intraregion variability, spatially and temporally averaged estimates provide a meaningful and valuable
measure of AWCT trends and long-term variability.
Analysis of the sensitivity of our regional statistical
estimates of T reg and sreg to region size, location, and
averaging procedure within each box demonstrates the
robustness of these estimates. For example, averaged
over the ten regions, the relative error of the estimates
of AWCT mean T reg and standard deviation sreg for
‘‘standard’’ regions (Fig. 1) and for reduced-size regions
(by approximately a third of their area) is about 4% and
18%, respectively. Statistical estimates based on different methods of calculating annual means within each
region (simple spatial averaging versus distance-weighted averaging) do not differ significantly. The 95% confidence intervals are calculated for peak LFO time periods and are 1.35 s for the years prior to 1903,
0.40 s for 1933–48, 0.23 s for 1963–78, and 0.39 s
for 1993–2002. The 15-yr AWCT means (red horizontal
lines in Fig. 2) associated with these multidecadal peak
values exceed the confidence intervals and thus are statistically significant.
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