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were inspected under X 10 magnification, and 200 to
300 mg were selected for the mass spectrometric
analyses. Details of the chemical and instrumental
procedures were reported in (6).
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Interannual Variability of Temperature at a Depth
of 125 Meters in the North Atlantic Ocean

Sydney Levitus,* John |. Antonov,T Timothy P. Boyer

Analyses of historical ocean temperature data at a depth of 125 meters in the North
Atlantic Ocean indicate that from 1950 to 1990 the subtropical and subarctic gyres
exhibited linear trends that were opposite in phase. In addition, multivariate analyses of
yearly mean temperature anomaly fields between 20°N and 70°N in the North Atlantic
show a characteristic space-time temperature oscillation from 1947 to 1990. A quasidec-
adal oscillation, first identified at Ocean Weather Station C, is part of a basin-wide feature.
Gyre and basin-scale variations such as these provide the observational basis for climate

diagnostic and modeling studies.

Levitus et al. (1) presented analyses of tem-
perature time series data at Ocean Weather
Station C (OWS C) that indicated the
interannual variability of upper ocean ther-
mal structure at this location during the
period from 1947 through 1990. The pres-
ence of two distinct signals in the data, a
temperature oscillation with a quasidecadal
time scale and a linear decrease in the data
from 1956 through 1985 (Fig. 1), raised the
question of the geographical extent and
temporal variability of these features. In this
report we address these questions by analyz-
ing data collected in the North Atlantic
from 20°N to 70°N.

There is little observational evidence of
basin- and gyre-scale temperature variabili-
ty at subsurface depths for any part of the
world ocean for interannual to decadal time
scales. Such variability, as we identify in
this report, is important to the understand-
ing of climate change because of air-sea
interactions that may be involved in this
variability. The identification of such vari-
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ability can provide the basis for diagnostic
studies and modeling simulations, as well as
for the development of a monitoring strat-
egy for the ocean. With present concern
about the possibility of global warming, the
identification and understanding of thermal
variability in the ocean, whether natural or
anthropogenic, is an important subject of
study.

We have used historical oceanographic
measurements of temperature to analyze
the variability of temperature (2) at a depth
of 125 m in the North Atlantic Ocean.
These data include both time series data
from OWS C (3) and historical data from
the entire North Atlantic. We analyzed
data at a depth of 125 m because this is the
deepest standard observation level for
which data exist as far back as 1947 for the
North Atlantic between 20°N and 70°N.
These early data are primarily mechanical
bathythermograph (MBT) observations. In
addition, the annual cycle of temperature at
this depth is relatively small compared to
that at the sea surface. Thus, we can
expect that the greater part of variability
at this depth is associated with tempera-
ture variations at periods of more than a
year. Yearly data distributions at a depth
of 125 m show the data to be variable in
space and time; more-data are available
along the boundary of the Atlantic than
in the interior region, and more data are




available during recent years than earlier
(2).

In order to prepare estimates of the vari-
ability of upper ocean thermal structure for
the world ocean (within the limits of avail-
able data), we used all historical tempera-
ture profiles including reversing thermom-
eters, MBTs, expendable bathythermo-
graphs (XBTs) (corrected for a drop-rate
error) and conductivity (salinity)-tempera-
ture-depth (C/STDs) data (2). First, we
subtracted the climatological monthly
mean temperatures from the values at the
standard observation level in each profile.
Next, we composited all historical temper-
ature data by individual years on a 1° lati-
tude-longitude grid at standard observation
levels. Finally, we analyzed the composited
temperature anomaly 1°-square means for
each year, using objective analysis techniques
(2, 4). Features with wavelengths less than
1000 km are substantially smoothed by this
scheme.

As shown by Levitus et al. (1), annual
mean temperatures from OWS C at a depth
of 125 m for 1946 to 1985 decreased linear-
ly by approximately 0.13°C per decade (Fig.
1). In addition, there is a quasidecadal-scale
oscillation with a range of about 2.0°C and
peaks occurring in 1956, 1965, and 1979.
The years for which we have both station
data and MBT data indicate good agree-
ment between these two sets of measure-
ments. This agreement gives us confidence
in the accuracy and representativeness of
the MBT data that are averaged as we have
done (1). The signal (2°C peak-to-trough
difference in annual mean temperature) in
Fig. 1 is more than twice the 1°C range of
the annual cycle at this depth.

The mapping of temperature anomalies
in the North Atlantic for each year shows
that certain anomaly patterns repeat over a
relatively large part of the North Atlantic
QOcean. In addition, anomalies in the same
region oscillate in sign with multiyear peri-
ods. To investigate these irregular oscilla-
tions statistically, we analyzed the anoma-
lies using the empirical orthogonal function
(EOF) technique (5) on a 5° latitude by 15°
longitude grid for 1947 to 1990.

The first EOF (not shown) accounts
for approximately 32% of the variance of
interannual temperature variability at a
depth of 125 m. It has a simple dipole
structure. On the basis of the geographi-
cal locations of the dipole centers and the
dividing zero line, this EOF can be inter-
preted as an opposition between subarctic
and subtropical gyres. In other words,
about one-third of the total variance can
be accounted for by the fact that the sign
of the temperature anomalies in the sub-
arctic gyre was opposite that of the anom-
alies in the subtropical gyre during the
period from 1947 through 1990.

The time series of the first EOF shows
how the amplitude of this dipole structure
changed in time. Only 30% of the temporal
variability of this EOF can be accounted for

by the linear trend for the whole period
because the linear trend changed its sign
around the mid-1960s. Temporal variability
of this pattern can be interpreted as a cool-

Fig. 1. Time series of annual mean Bt P Lievias TR

temperature (in degrees Celsius) at
a depth of 125 m from OWS C
(52°45’N, 35°30'W) data. The an-
nual means are computed as the
average of the available monthly
means for each year. Each monthly
mean is computed as the average
of all daily mean profiles in each
month. All years plotted had at least
one monthly mean from each of the
four seasons. The vertical bars cen-
tered at each annual mean repre-
sent plus and minus one standard 4
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Fig. 2. (A) Linear trend (in degrees Celsius per decade) of temperature at a depth of 125 m from 1966 to
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Fig. 3. (A) Loading pattern for the second EOF of the temperature anomalies at a depth of 125 m. (B) Time series of the second EOF loading pattern.

ing of much of the subtropical gyre and a
warming of part of the subarctic gyre during
the period from 1954 through 1965.
Around 1966 the signs of these trends re-
versed. The geographical distribution of the
linear trend for the period from 1966 to
1990 is shown in Fig. 2A. We present esti-
mates of the trend for this period because its
pattern is similar to that of the first EOF
and because such a signal is of interest in its
own right. The temperature increased by
more than 0.2°C per decade west of 50°W
in the subtropical gyre and decreased by
about the same value west of 20°W in the
subarctic gyre from 1966 to 1990 (Fig. 2A).
A test of significance (Student’s ¢ test) has
been applied to each gridpoint series in Fig.
2A. The results shown in Fig. 2B indicate
that the trend patterns are significant at the
95% level for most of the subarctic gyre and
the western and eastern parts of the sub-
tropical gyre.

The dipole pattern of the first EOF is
also derived if the EOF analysis is applied to
the same data after linear detrending. This

means that the opposition between subarc-
tic gyre and subpolar gyre could be an os-
cillating process (rather than a simple linear
model) whose period is equal to, or exceeds,
the 44-year period we analyzed.

The second EOF (Fig. 3A) accounts for
approximately 15% of the variance of inter-
annual temperature variability at this
depth. The loading pattern (Fig. 3A) exhib-
its a negative region between 60°N and
70°N. A zero line extending southeastward
from 45°N, 65°W separates another nega-
tive region from a large positive region. The
positive region has its largest magnitude
along 45°N to 50°N and encompasses near-
ly all of the subarctic gyre and parts of the
subtropical gyre. This EOF exhibits a
quasidecadal-scale variability (the spectrum
in Fig. 3B has a peak of about 13 years)
nearly identical to the time series shown in
Fig. 1. Each of the remaining EOFs ac-
counts for about 8% or less of the total
variance, and their associated characteristic
roots are nearly equal.

Earlier work (1) showed that the trend
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and quasidecadal-scale oscillation of tem-
perature at OWS C extended from the sur-
face to a depth of 125 m. For the period
from 1964 to 1990, temperature observa-
tions at OWS C were made to depths ex-
ceeding 2000 m (Fig. 4). The quasidecadal
oscillations extend down to a depth of
about 400 m for this period. In addition, a
linear cooling trend is evident to depths of
1500 m and perhaps to a depth of 2000 m
beginning in 1974, as evidenced by the rise
in isotherms.

The time series results indicate that sta-
tistically significant decadal-scale changes
of temperature have occurred in both the
subarctic and subtropical gyres of the North
Atlantic Ocean at a depth of 125 m. These
results present further evidence of the vari-
ability of the thermohaline structure of the
North Atlantic Ocean (6-16).

The variability that we have described
possibly represents ocean components of
interactions of the Earth’s ocean-atmo-
sphere-cryosphere climate system. The
EOF loading pattern shown in Fig. 3A
bears a remarkable resemblance to EOF
loading patterns identified in sea-level
pressure and air-sea heat flux patterns
associated with an atmospheric oscilla-
tion of sea-level pressure known as the
East Atlantic oscillation (17). We have
computed EOFs of winter sea-surface
pressure for the period from 1947 through
1990 and find an EOF whose loading
pattern is very similar to that shown in
Fig. 3A. The decadal component of the
sea-level pressure time series is similar to
that shown in Fig. 3B.
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Atomic-Scale Dynamics of a Two-Dimensional
Gas-Solid Interface

S. J. Stranick, M. M. Kamna, P. S. Weiss*

The interface between a two-dimensional (2D) molecular gas and a 2D molecular solid has
been imaged with a low-temperature, ultrahigh-vacuum scanning tunneling microscope.
The solid consists of benzene molecules strongly bound to step edges on a Cu{111}
surface. Benzene molecules on the Cu{111} terraces move freely as a 2D gas at 77 kelvin.
Benzene molecules transiently occupy well-defined adsorption sites at the 1D edge of the
2D solid. Diffusion of molecules between these sites and exchange between the two
phases at the interface are observed. On raised terraces of the copper surface, the 2D
gas is held in a cage of the solid as in a 2D nanometer-scale gas bulb.

The 2D phase diagram for adsorbates on
surfaces has all of the complexity of the
more familiar 3D analogs. Adsorbates can
be found as 2D gases, liquids, anfi solids.
Different 2D structures are formed as tem-
perature and coverage are varied. A variety
of scattering and diffraction techniques
have been used to study the phase transi-
tions of 2D systems (1). We report here
observations of the atomic-scale dynamics
of the equilibrium at the interface between
a 2D solid and a 2D gas. We can record the
motion of individual molecules at this in-
terface, as has never been possible for 3D
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systems. We used a low-temperature, ultra-
high-vacuum (UHV) scanning tunneling
microscope (STM) (2) to observe these dy-
namics for benzene molecules adsorbed on
the Cuf{111} surface.

The STM has been used to analyze the
kinetics of motion of surface adsorbates and
surface features such as steps and vacancies
(3-6). In making these measurements, re-
searchers have used many of the methods
earlier developed for quantifying motion on
the atomic scale by field ion microscopy
(7). For STM measurements, correlation
techniques have been used to analyze imag-
es of mobile adsorbates at high surface cov-
erages to determine favored adsorption
sites, surface ordering, and interaction en-
ergies (8).

SCIENCE e« VOL.266 <« 7 OCTOBER 1994

Weiss and Eigler have studied adsorp-
tion sites and their effects on STM images
of isolated benzene molecules on Pt{111} at
4 K (9). At such a low temperature, ben-
zene is frozen in place and no motion is
observed. Benzene molecules have also
been imaged on Rh{111} at room tempera-
ture when held fixed in various ordered
overlayers by coadsorbed CO (10). On both
Pt{111} and Rh{111} surfaces, benzene mol-
ecules lie flat, that is, with the molecular
plane parallel to the surface plane. In an-
other study of surface motion, Wolkow and
Schofield used a low-temperature STM to
observe the diffusion and perhaps desorp-
tion into the vacuum of isolated benzene
molecules on the Si{111} surface (11).

After initial electrochemical polishing
and repeated sputtering and annealing cy-
cles in UHV, we obtained a clean flat
Cu{111} crystal surface. We dosed the fresh-
ly cleaned crystal to saturation coverage at
room temperature by bleeding a small
amount of benzene gas through a sapphire
leak valve into the vacuum chamber. We
checked the purity of the benzene in situ by
mass spectroscopy to verify that impurities
and undesired wall reactions were negligi-
ble. After dosing, the room-temperature
Cu{111} sample was rapidly transferred to a
cryogenic UHV STM chamber held at 77
or 4 K (2).

Earlier studies by Bent and co-workers
have shown that benzene adsorbs and de-
sorbs molecularly on the, Cu{l11} surface
(12). As for the close-packed Pt{111} and
Rh{111} surfaces, the first monolayer of
benzene adsorbs with the molecular plane
parallel to the surface plane (12). From
temperature-programmed desorption (TPD)
of perdeutero (dg—) benzene on Cu{111}, mul-
tilayer and monolayer coverages of benzene
are known to desorb from the surface below
250 K. A high-temperature tail in the TPD
spectrum extending to 300 K is attributed to
desorption from surface defect sites. There-
fore, by dosing the Cufl111} crystal at room
temperature with benzene, we preferentially
populated defect sites such as step edges on
the surface.

Initial STM observations showed that at
both 4 and 77 K, the monatomic step edges
on the Cu{l111} surface were indeed deco-
rated by adsorbed benzene. These features
were not present in STM images of the bare
Cu{111} surface. STM images of the ben-
zene-covered surface recorded at 77 K are
shown in Fig. 1, A and B. Both straight and
meandering monatomic height steps are
present on the Cu{111} surface (13), and all
are decorated with benzene molecules. Be-
cause along straight steps benzene mole-
cules order into well-defined adsorption
sites, we concentrated our andlysis on these
step configurations.

At 77 K the benzene molecules are mo-
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