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Abstract. Due to its nonlinear dynamics and involvement in abrupt climate changes, the
thermohaline circulation is a key component of the climate system. Numerical studies have shown
that it is sensitive to the sea-ice export from the Arctic in the North Atlantic, through Fram Strait.
Here we applied the Singular Spectrum Analysis method to identify quasi-periodic
modes/components in a reconstruction of Fram Strait Sea Ice Export for the 1820-2000 periods.
Several decadal and multidecadal modes are identified. Based on composite sea surface
temperature and sea level pressure maps it is argued that a decadal and multidecadal mode are
associated to solar forcing, while another decadal mode is of internal origin. The results may be useful
in identifying the mechanisms of solar influence on the thermohaline circulation and have
implications for the understanding of past climate changes.
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1. INTRODUCTION
The climate evolution is of major importance for humane life. The
thermohaline circulation represents an important component of planetary ocean,
determined by the difference of water density, which depends on temperature and
salinity (Rahmstorf 2003). The last quantity is influenced by the evaporation and
precipitation, by the fresh water from rivers and lakes, and also by the formation
and melting of glaciers. The north Atlantic sector represents an important region
for the thermohaline circulation. In this area, large amounts of sea ice are exported
from Arctic Ocean through Fram Strait. Water with relatively low density is
generated in the north Atlantic by melting of sea ice, and this could significantly
influence the thermohaline circulation (Lohman and Gerdes, 1998; Gildor and
Tziperman, 2003). Hereby the sea ice export from Arctic Ocean represents an
*
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effective transfer mechanism of variability from the atmosphere to the ocean
(Hilmer et al., 1998).
Climate variability has internal and external causes. For thermohaline
circulation the internal ones are more about the interaction between atmosphere
and ocean and the external ones are determined by causes, like Sun and volcanoes.
The most important external forcing for the climate system is the solar radiation.
The most part of the energy necessary to maintain the dynamics of this system
comes from Sun. Periodic signals associated with the solar forcing (the Schwabe
cycle of eleven years, Hayle of twenty two years and Gleissberg of seventy sixninety years) were identified based on the sunspot number time series. Many
studies have investigated the influence of solar variability on weather and climate.
In different places over the globe it was noticed that temperature, precipitations, the
pressure from the surface, the cloudiness and other meteorological parameters are
correlated with the measurements of solar activity on the period of eleventh year of
solar cycle and on period that extends from decades to centuries and even more.
In order to quantify the solar forcing effects on the climate variations one
must to distinguish between the contributions resulted from internal climate
variability and those related with other forcing, because the former type of
variability may mask the signals coming from the Sun. The objective of this study
is to identify possible causes of the thermohaline circulation variations in
observational and reconstructed data.
2. DATA
Several datasets are used to investigate the climate modes that could affect
the thermohaline circulation. Sea surface temperature (SST) fields distributed on a
5º×5º grids are obtained from the dataset compiled by Kaplan (Kaplan et al. 1998).
These grids were extended on 1856–2002 period and are used with yearly
resolution. Sea level pressure (SLP) fields are also analyzed. They have monthly
resolution and are compiled by Trenberth and Paolino (1980). These are distributed
on 5º×5º grids, extend between 15ºN and 90ºN and covers the 1899–2002 period.
From the SLP field was selected just the cold season values (boreal winter),
because in this season large scale coherent structures are formed.
A Fram Strait Sea Ice Export (FSSIE) time series reconstructed by Schmidth
and Hansen (2003) is also used. It was compiled based on historical data
concerning the sea ice export from southwest of Greenland and extends over the
the 1820–2000 period.
3. METHODS
Singular Spectrum Analysis (SSA) method is used to identify the quasiperiodic components in the FSSIE series. SSA is a statistical method designed to
extract tendencies, oscillatory signals and noise from time series (Allen and Smith
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1997). Generally the time series used in climatological studies cover short periods
of time and are strongly affected by noises.
Two multivariate tecniques are also used. The composite map method is
employed to determine the fingerprint of a time series on a given field (series of
maps). The composite map obtained has the same physical significance as the
represented field. One note that this is a nonlinear method.
Another investigation technique used is the correlation map method. It is
used for the study of ocean-atmosphere interactions and the influence of solar
forcing on ocean. This method is used to identify linear relations between a time
series and a data set. For further information regarding these methods we refer to
von Storch and Zwiers (1999).
4. IDENTIFICATION OF PERIODIC COMPONENTS
A specific purpose of this paper is to identify the quasi-periodic components
in the temporal evolution of Fram Strait sea ice export (Fram Strait Sea Ice Export
- FSSIE) and to assign them to an internal or external causes. These oscillatory
components will be refered as “climate modes”. A climate mode is a set of physical
processes spatially and temporally coherent at a quasi-global scale, for example of
thousands of kilometers (Dima and Stefan, 2008). The identification of periodic
components in the FSSIE time series is made using the SSA method.
The FSSIE series (Fig. 1) is characterized by pronounced interannual and
interdecadal variability. Because the focus of this study is to highlight the
interdecadal variations, a 7-year running mean filter was applied to the record in
order to eliminate the interannual variations. The most pronounced extremes are
observed around 1940 (minimum) and 1880 (maximum).

Fig. 1 – Annual values of Fram Strait sea ice export series (thin line) for the 1820–2000 period; the
time series obtained after the aplication of a running mean filter of seven years length (thick line).
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A preliminary analysis of this series using the SSA method, with an eighty
years window length, highlighted a rich spectrum of quasi-periodic components
(Fig. 2).

Fig. 2 – The FSSIE series eigenvalues spectrum derived from the SSA analysis, obtained with a
80-years window.

The distinction between noise and signal can be observed visually in the
eigenvalues spectrum (Fig. 2). In the quasi-vertical side of the spectrum are
arranged the eigenvalues associated to the significant components that explain the
most part of the variance of the analyzed time series.

Fig. 3 – The 140 years periodic component reconstructed from the FSSIE series with SSA.
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The periodic components associated to the eigenvalues that forms the quasihorizontal side are considered noise (Fig. 2). It is observed that the first three
eigenvalues explains most of the variance, almost 65%. The first two values
explain almost 50% from variance and the third 16 %.
The temporal EOF (T-EOF) associated with the first eigenvalue has a one
hundred and forty years periodicity (Fig. 3). Due to its large period, this component
will not be further considered.

Fig. 4 – The 80 years periodic component reconstructed from the FSSIE series with SSA.

Fig. 5 – The reconstructed component, based on the first two T-EOF from FSSIE series, with SSA.
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The EOF component associated to the second eigenvalue has a periodicity of
roughly ninety years (Fig. 4). This periodicity is very close to the solar cycle
Gleissberg whose periodicity is approximate eighty five years. This fact sustains
the idea of the solar influence on FSSIE series.
The third EOF, explaining 16% of variance, has a periodicity of 60–70 years,
which is characteristic to the Atlantic Multidecadal Oscillation (AMO). This
climate mode has and internal origin, in the climate system (Knight et al. 2005).
The connections between AMO and FSSIE were investigated in a previous study
and are not interesting for the present study (Dima and Lohmann, 2007).
A component (time series) was reconstructed based on the first two
eigenvalues (Fig. 5) and then it was subtracted from the initial series. The SSA
method was then applied again to the resulted time series (Fig. 6), using a 80 years
window. The resulted eigenvalues spectrum is shown in Fig. 7.

Fig. 6 – The residual FSSIE series obtained after substracting the first two components, characterized
by a centennial time, from the initial reconstruction (Fig. 1).

The first pair of eigenvalues corresponds to the variability associated to the
AMO, which is characterized by a ~70 years period.
Relevant for this study are the periodic components associated with pairs 3–4
and 9–10 of eigenvalues, presented in the eigenvalue spectrum (Fig. 7). The
T-EOFs associated to the 3 and 4 eigenvalues (Fig. 7) are in quadrature (Fig. 8a),
which suggests that there are associated to a robust quasi-periodic component. This
pair is important because has a fourteen years periodicity and corresponds to an
internal mode of climate variability (Fig. 8b).
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Fig. 7 – The eigenvalues spectrum derived from SSA applied on the residual FSSIE record (Fig. 6). A
80 years window was used.

Fig. 8 – a) The T-EOFs associated to the 14 years periodic component; b) the 14 years periodic
component reconstructed from FSSIE series with SSA; both the T-EOFs and the periodic component
are associated with the 3 and 4 eigenvalues (Fig. 7).

The next two pairs are not associated with robust T-EOFs, arranged in
quadrature. Instead, the fifth pair is also investigated. Although explains less than
5 % of variance, this pair is important because the T-EOFs associated are in
quadrature (Fig. 9a) and has a periodicity of ~11 years, that corresponds to the
solar cycle Schwabe (Fig. 9b).
Through the SSA applied on the FSSIE time series were identified oscillatory
components characterized by approximately ~90 years, 14 years and 11 years
periodicities. The spatial signatures of these components in the SST and SLP fields
are constructed. For this purpose, composite and correlation maps will be
calculated.
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Fig. 9 – a) The T-EOFs associated with the 11 years periodic component; b) the 11 years periodic
component reconstructed from FSSIE series with SSA; both the T-EOFs and the periodic component
are associated with the 9 and 10 eigenvalues (Fig. 7).

5. SPATIAL SIGNATURES OF THE 14 YEARS PERIODIC
OSCILLATORY COMPONENT
In order to identify the spatial fingerprints of the ~14 years oscillatory
component, composite and correlation maps are constructed based on the decadal
component (Fig. 8b) and the SST and SLP fields. The SST map describes the
signature of this oscillatory component on the surface ocean, and the SLP one, on
the lower limit of the atmosphere.

Fig.10 – The composite map derived based on the oscillatory component with ~14 years period
identified in the FSSIE time series and the SST field from the North Atlantic.
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The SST composite map (Fig. 10) shows a tripolar structure characteristic to
the 12~14 years cycle which dominates the climate variability in the North Atlantic
at decadal time scale (Deser and Blackmon, 1993). The spatial structure from
Fig. 10 was obtained using a temporal delay such as the oscillatory component
leads the SST field with five years. This delay reflects the fact that this decadal
climate mode projects differently on the FSSIE time series and on the SST field
from North Atlantic.
The correlation map, a measure of the linear relation between the decadal
time series and the SST field (Fig. 11), shows also a tripolar structure. It includes
values between –0.3 and 0.3.

Fig.11 – The correlation map obtain based on the oscillatory component with ~14 years period
identified in the FSSIE series and the North Atlantic SST field.

The Fram Strait sea ice export is most influenced by the wind field, which is
strongly related with the pressure field at sea level (Rigor et al., 2002; Hakkinen
and Geiger, 2000). In order to highlight the atmospheric structure associated with
the ~14 years periodic oscillatory component a composite map is calculated based
on this component and a SLP field. Only the grids associated to the boreal cold
season (December, January, February) are considered, because in this season the
atmospheric structures are coherent at global scale. Due to the fact that the
maximum wind influence on sea ice is shifted by 2–3 years, a delay of three years
between the oscillatory component and the SLP field was used to calculate the
composite map.
The important elements on the composite map (Fig. 12a) are represented by
the center of negative values above Europe and the one of positive values centered
over Greenland. These two centers generate a maximum pressure gradient along
Fram Strait, which is associated with significant wind anomalies oriented on this
direction. Such an atmospheric circulation emphasizes the mechanism by which the
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physical processes associated to the ~14 years period climate mode affects the sea
ice export from Arctic Ocean, to the North Atlantic. Thus it provided physical
consistency to the results derived from the statistical analysis.

Fram Strait

Fig.12 – The composite map (a) and the correlation map (b) obtained based on the ~14 years period
oscillatory component and the SLP field for the boreal cold season.

The structure of the correlation map is similar to the composite map. The
correlation values are significant, being extended between –0.6 and 0.5. The two
maps (Fig. 12) sustain the significant physical relation between the atmospheric
structure associated to the 14 years period climate mode and the Fram Strait sea ice
export.
6. SPATIAL SIGNATURES OF THE 11 YEARS PERIODIC
OSCILLATORY COMPONENT
The same type of analysis was made for the 11 years period oscillatory
component (Fig. 9b). Composite and correlation maps for the SST field were calculated.
On the composite map of SST (Fig. 13) the most important feature is the
center of positive anomalies located at [45ºN, 35ºV], surrounded by anomalies of
opposite sign. A similar center, located in the North Atlantic was emphasized in
association with the decadal variations of solar irradiance (Lohmann et al., 2004).
Shindell (2001) presented an almost identical center associated with the solar
forcing on long term period. The relative small contribution of this oscillatory
decadal component to the Fram Strait sea ice export time series (explains 7% from
the time series variance) do not allow the construction of relevant corresponding
composite and correlation maps, for the SLP field.
The associated time scale (~11 years) and the corresponding structure from
the SST field (Fig. 13) sustain the hypothesis that this decadal component is
associated to the sunspot cycle.
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Fig. 13 – The composite mapderived based on the ~11 years period oscillatory component
and the SST field.

7. CONCLUSIONS
The aim of this study is to identify periodic climate modes in the Fram Strait
sea ice export time series and to attribute them to possible causes. Through SSA
analysis, were identified oscillatory components with periods of ~ 90 years,
~70 years, ~14 years and ~11 years. The physical consistency and the attribution to
possible causes for these modes was inffered based on SST and SLP, composite
and correlation maps construction.
The ~70 years mode corresponds to the Multidecadal Oscillation from
Atlantic, and the ~14 years one is associated to the quasi-decadal cycle from
Atlantic. Previous studies suggest that these two modes have their origin in the
climate system.
On the other hand, the ~ 90 years mode has a characteristic time scale similar
to the one of Gleissberg cycle and the one of ~ 11 years may be associated with the
sunspot cycle. Thus, these two periodic oscillatory components seem to be
generated by solar forcing.
These results imply that the internal and external climate modes, with solar
origin, could influence the Fram Strait sea ice export and then the thermohaline
circulation. The identifications of this processes has implications for the
understanding of past climate changes like the glacial cycles and the DansgaardOeschger/Heinrich events.
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