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Abstract Atmospheric pressure varies within a wide range
of scales and thus a multi-scale description of its variability
is particularly appealing. In this study, a scale-by-scale
analysis of the global sea-level pressure field is carried out
from reanalysis data. Wavelet-based analysis of variance is
applied in order to describe the variability of the pressure
field in terms of patterns representing the contribution of
each scale to the overall variance. Signals at the seasonal
scales account for the largest fraction of sea-level pressure
variance (typically more than 60%) except in the Southern
Ocean, in the Equatorial Pacific and in the North Atlantic.
In the Southern Ocean and over the North Atlantic, high-
frequency signals contribute to a considerable fraction (30–
50%) of the overall variance in sea-level pressure. In the
Equatorial Pacific, large-scale variability, associated with
ENSO, contributes up to 40% of the total variance.

1 Introduction

The variability of the global sea-level pressure field is a
topic of considerable interest in the analysis of the Earth’s
climate. Variations in atmospheric pressure are associated
with several climatic phenomena including the monsoons
(Singh et al. 1996), the North Atlantic Oscillation (Barnston
and Livezey 1987; Hurrell 1995; Rogers 1997; Marshall et
al. 2001) or the El Niño/Southern Oscillation (ENSO;
Walker and Bliss 1932; Bjerknes 1969; Wang and Fiedler

2006, for a review). The variability of atmospheric pressure
at the global scale is thus of significant importance in
climate analysis.

The atmospheric pressure field is often analysed through
space-time methods such as empirical orthogonal functions
(e.g. Von Storch and Zwiers (1999)). EOF techniques are
very effective for dimensionality reduction and for the
extraction of dominant modes of variability, but offer only a
limited solution when the aim is the description of the
variability of the field, since features may be physically
relevant while not explaining a large fraction of the field’s
overall variance.

An alternative approach consists in the individual
analysis of each pressure time series. This allows the
description of the features of the pressure series at each
gridpoint, independently of its contribution to the variabil-
ity of the overall field, but has been applied mainly in terms
of low-frequency or seasonal patterns. Gillett et al. (2003)
examined low-frequency changes in sea-level pressure by
computing linear trends from both observations and climate
models. The seasonal cycle of sea-level pressure has been
analysed by Yashayaeva and Zveryaevb (2001) over the
oceans of the Northern Hemisphere. Such analysis use
parametric approaches for the estimation of linear trends
and seasonal amplitudes, thus assuming the same fixed
pattern over the whole period. An improved description of
low-frequency and seasonal variability requires flexible,
often non-parametric, approaches in order to extract
realistic patterns of variability and identify changes over
the observed period (e.g. Bograd et al. 2002; Barbosa et al.
2004, 2008). Furthermore, since the pressure field exhibits
spatial and temporal variability within a wide range of
scales, a multi-scale description of its variability is more
appealing than focusing only on low-frequency or seasonal
patterns. Recently, Zhao and Moore (2006) analysed the
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variability in the Northern Hemisphere sea-level pressure
field through a frequency-dependent approach and showed
the existence of distinct features at inter-annual, inter-
decadal and multi-decadal timescales.

In this study, a multi-scale analysis of the global sea-
level pressure field is carried out from reanalysis data. The
wavelet domain is a powerful non-parametric framework
for the scale-based analysis of climate data (e.g. Lau and
Weng (1995); Kumar and Foufoula-Georgiou (1997);
Torrence and Compo (1998); Higuchi et al. (1999);
Sonechkin et al. (1999); Barbosa et al. (2005); Percival
(2008)). Here, wavelet analysis of variance is applied in
order to obtain a flexible scale-by-scale decomposition of
the variability of the global pressure field, with no need of
further assumptions on the form of the variability patterns
at each scale.

2 Data

Sea level pressure (SLP) data from the NCEP/NCAR
reanalysis project (Kalnay et al. 1996; Kistler et al. 2001)
are considered. The analysed dataset comprises monthly
SLP values on a regular 2.5º global grid (144×73=10,512
gridpoints) from January 1948 to December 2007
(720 months). Monthly SLP values are averages of
instantaneous values at four reference hours (0,6,12 and
18) over each month.

The average SLP field, obtained by computing for each
gridpoint the SLP mean over the whole 60-years period, is
shown in Fig. 1. The dominant features of global sea level
pressure are visible in the average field, including the high
gradient region at the edge of the Antarctica continent
associated with the katabatic winds, high pressure systems
such as the Azores high and the Siberian High, and
persistent low pressure regions such as the Icelandic Low,
the Aleutian Low and the southern area between 50ºS and
80ºS.The anomaly field, obtained by subtracting from the

original dataset the average SLP field, is considered
hereafter.

3 Analysis

The wavelet analysis procedure is illustrated in the
following section for sea-level pressure time series at
sample gridpoints (shown in Fig. 1). The variability
patterns resulting from the application of the methodology
to all gridpoints and over the whole period (60 years) are
presented in the section 3.2, which is followed by the
section 3.3 where the investigation is performed by a
running-window wavelet analysis of variance.

3.1 Wavelet analysis

The wavelet analysis is illustrated here for SLP time series
at gridpoints 340ºE 40ºN and 240ºE 0ºN (Fig. 2). The
cumulative periodograms for these series are displayed in
Fig. 3. The time series from the northeast Atlantic (340ºE

Fig. 1 Mean SLP field. The stars indicate the gridpoints for which
the analysis is illustrated

Fig. 2 Time series of sea level pressure (SLP) at gridpoints a 340° E
40° N (northeast Atlantic) and b 240° E 0° N (eastern equatorial
Pacific)

Fig. 3 Cumulative periodograms for sample SLP time series: a 340° E
40° N; b 240° E 0° N. Dashed lines represent 95% confidence interval
for white noise
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40ºN) exhibits an almost flat periodogram with the
dominant periodicity, only slightly above noise level, being
at the semi-annual frequency. In contrast, the periodogram
for the SLP time series from the eastern equatorial Pacific
(240ºE 0ºN) exhibits a sharp transition at the annual
frequency and a secondary one at the semi-annual frequen-
cy, indicating the presence of a strong annual cycle and a
weaker semi-annual harmonic. Furthermore, the peri-
odogram also shows considerable spectral content at the
lowest frequencies, indicating the presence of long-term
features in the temporal pattern of the time series.

The maximal overlap discrete wavelet transform
(Percival and Mojfeld 1997; Lindsay et al. 1996; Percival
and Walden 2000) is applied for a four-level scale-based
decomposition of the time series. The wavelet transforma-
tion is based on a Daubechies least asymmetric filter of
width L=8 (Daubechies 1988) with periodic boundary
conditions. The decomposition yields four sub-series of
wavelet coefficients, corresponding to band-pass filtered
series with approximate pass-band 1/2j+1≤ f ≤1/2j, j=1,...,4
and a sub-series of scaling coefficients reflecting large-scale
changes (Fig. 4). The wavelet transformation yields a scale-

based decomposition from fine to coarse scale of the
original time series (Fig. 4a) into sequences of wavelet
coefficients associated with scales of τj=2

j−1 months,
j=1,...,4 (Fig. 4b–e) and a sequence of scaling coefficients
associated with scales of 2j=4 months and higher (Fig. 4f).
The first wavelet sub-series (at scale τ1) captures high
frequency variability (changes from one month to the next).
Due to the band-pass nature of the discrete wavelet
transform, the annual component is captured at the wavelet
scale τ3 (8-16 month periods) and the semi-annual compo-
nent is captured at the wavelet scale τ2 (4-8 month periods).
Inter-annual variability is reflected by scale τ4.

The empirical wavelet variance for each scale is
computed from the corresponding sub-series of wavelet
coefficients (Percival 1995; Serroukh et al. 2000). The
contribution of each individual scale to the overall
variability is assessed by considering the wavelet variance
at each scale, normalised by the sum of the wavelet
variances at all scales. The results obtained are displayed
in Fig. 5. The wavelet variance values agree with the
features observed in the periodograms of the time series,
namely the dominance of the semi-annual over the annual

Fig. 4 Maximal overlap discrete wavelet transform for sample SLP
time series at 340° E 40° N (left) and 240° E 0° N (right). From top to
bottom: a original time series, b–e wavelet coefficients associated with

scales of τj=2
j−1 months, j=1,...,4 and f scaling coefficients associated

with scales of 2j=4 months and higher

Theor Appl Climatol



cycle for the time series at 340ºE 40ºN and the strong
contribution of the annual cycle to the overall variability of
the time series at 240ºE 0ºN. The wavelet variance provides
a scale-based measure of the contribution of each scale to
the total variability, with no need of further assumptions on
the shape of the temporal patterns at each scale (for
example, the often unrealistic assumption of a pure
sinusoidal cycle for the periodic components).

3.2 Variability patterns

The analysis described in the previous section is carried out
for all the 10,512 gridpoints of the 2.5° reanalysis global
grid. For the time series at each gridpoint, the MODWT
decomposition is performed and the normalised wavelet
variance is computed from the corresponding wavelet
coefficients. Maps of SLP variability patterns are obtained
by plotting the normalised wavelet variance values repre-
senting the contribution of each scale to the total variance
(Fig. 6). High-frequency variability (corresponding to
changes from month to month) is typically below 40% of
the total variance, lower (<10%) in continental areas and
higher (>20%) over the Southern Ocean, North Atlantic,
North Pacific and Western Europe (Fig. 6a). The semian-
nual signal is stronger over the North Atlantic, particularly
in the Caribbean area, in the northwestern Pacific and over
the Southern Ocean, explaining 20–40% of the variance in
sea level pressure (Fig. 6b). The annual signal is,
unsurprisingly, the dominant contribution to sea-level
pressure variance at most locations, explaining more than
70% of the time series variance over continental areas, and
a lower fraction, 20–40%, over the oceans (Fig. 6c).
Variability at the largest scale is considerably lower, below
10% over most of the globe, except in the Equatorial
Pacific, where the contribution is higher, ascending to more
than 30% in the Indonesian region. The spatial pattern is
consistent with variability associated with the ENSO
phenomenon.

Fig. 6 Maps of normalised wavelet variance (%) from SLP time
series: a scale τ1 (high-frequency); b scale τ2 (semi-annual); c scale τ3
(annual); d scale τ4 (inter-annual)

Fig. 5 Normalised wavelet variance (%) for sample SLP time series at
gridpoints: a 340° E 40° N and b 77.5° E 35° N
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3.3 Changes in variability patterns

Temporal changes in the variability patterns are investigat-
ed by carrying out a running-window wavelet analysis. For
each gridpoint, the time series of sea-level pressure data is
decomposed via the maximal overlap discrete wavelet
transform (see section 3.2 and Fig. 4). However, instead
of computing from this decomposition, the wavelet vari-
ance for each scale over the whole 1948–2007 period, the
empirical wavelet variance is computed, from the same
components, over a 3-year running window. The resulting
sequences of normalised wavelet variance values at each
scale are shown for sample SLP gridpoints in Fig. 7. For
the sample gridpoint in the north-east Atlantic, the
contribution of high-frequency, annual and inter-annual
signals to the overall variability is more stable through time,
while the contribution of semi-annual signals exhibits some
larger fluctuations over the observation period. For the

gridpoint in the eastern equatorial Pacific, the most obvious
feature is the clear increase in the relative importance of the
inter-annual scale associated with ENSO events.

The analysis described above is repeated for all the
10,512 gridpoints and summarised through the first EOF
mode of the running wavelet variance sequences at each
scale (Fig. 8). Regarding high-frequency variability, the
first EOF mode for scale τ1 explains only 12.4% of the
variance in running-window wavelet variance sequences
and reflects a smaller contribution of high-frequency
variability in the 1970s and an enhancement of high-
frequency signals around 1985 and 2000. The dominant
EOF at scale τ2, explaining 14.3% of the variance,
represents an increase in the contribution of semi-annual
signals to the overall variability of the sea-level pressure
field in northern Europe and in the Atlantic storm track
area, and a decrease of the relative importance of semi-
annual variability in western Antarctica. At the annual scale

Fig. 7 Empirical normalised wavelet variance over a 3-year running
window for sample SLP time series at 340° E 40° N (left) and 240° E

0° N (right). From top to bottom: a scale τ1 (high-frequency); b scale
τ2 (semi-annual); c scale τ3 (annual); d scale τ4 (inter-annual)
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τ3, the first EOF explains 15.7% of the variance and
exhibits a dipolar pattern over the North Atlantic, the North
Pacific and northern Europe. The temporal pattern exhibits
a positive trend towards increasing relative importance of
the annual signal in the overall variability of atmospheric
pressure.

The most clear pattern appears at the inter-annual scale
τ4, with the dominant EOF mode explaining 39% of the
variance. Furthermore, both the temporal and the spatial
patterns of the dominant EOF mode show a clear ENSO
signature, indicating that inter-annual variability in the
global pressure field is mainly driven by this climatic
phenomenon.

4 Conclusions

Since climate fields exhibit spatial and temporal variability
within a wide range of scales, the description of climate
variability on a scale-by-scale basis is particularly appeal-
ing. Here, a multi-scale analysis of SLP variability is
carried out through a wavelet-based analysis of variance.
The approach yields a scale-based description of the sea-
level pressure field in terms of the contribution of each
scale to the overall variance.

Signals at the seasonal scales (annual, semi-annual)
account for the largest fraction of SLP variability, typically
more than 60%, almost everywhere; the exceptions are the
Southern Ocean, the Equatorial Pacific and the North
Atlantic, for which signals at seasonal scales explain only
∼50% of the overall variability. In the Southern Ocean and
over the North Atlantic (particularly at mid-latitudes), high-
frequency signals account for a large fraction (30–50%) of
the overall variance in sea-level pressure. In the Equatorial
Pacific, large-scale variability (apparently associated with
ENSO) contributes up to 40% of the total variance.

The spatial patterns of variability obtained here for the
seasonal scales (τ2 and τ3) are similar to the patterns
obtained by Yashayaeva and Zveryaevb (2001) for the
amplitudes of annual and semi-annual harmonics of SLP in
the north Pacific and North Atlantic Oceans from COADS
data. This is somewhat expected, since due to the
approximate pass-band nature of the discrete wavelet
transform, semi-annual and annual signals are captured at
scales τ2 and τ3 respectively, and the amplitude of the
seasonal cycles is directly related to the corresponding
variance. The main difference (and advantage) of the
analysis carried out here is that the wavelet-based method-

ology allows for non-purely sinusoidal signals, thus provid-
ing a more flexible and realistic description of the seasonal
patterns. Furthermore, the wavelet decomposition yields
time-varying seasonal components, with non-constant am-
plitude and phase, thus enabling the investigation of changes
in the temporal structure of the components.

Changes in the variability structure of the SLP field have
been investigated through a running window wavelet
analysis of variance. The results clearly show a ENSO
signature at the inter-annual scale, indicating that the
contribution of inter-annual signals to the overall variability
in atmospheric pressure in the equatorial Pacific area
increases with the occurrence of ENSO events. Furthermore,
the relative importance of high-frequency, semi-annual and
annual signals to the overall variability of the global pressure
field exhibits decadal trends in confined areas of the north
Atlantic, North Pacific, Northern Europe and Antarctica.
Some of these variations in the relative importance of
specific scales of variability can result from artificial signals
in the reanalysis dataset rather than actual variations in the
pressure field. Reanalysis data are particularly sensitive to
bias introduced by changes in the observing system, resulting
in artificial trends in reanalysis fields, particularly in the
tropics and in the southern hemisphere (Hines et al. 2000;
Marshall and Harangozo 2000; Marshall 2002; Bromwich
and Fogt 2004; Hertzog et al. 2006). Still, such eventual bias
in the reanalysis dataset cannot explain the increase in the
contribution of the inter-annual scale associated with ENSO
events. By yielding nonparametric and flexible descriptions
of the variability patterns, the approach presented in this
study allowed the investigation of temporal changes in the
variability patterns and the detection of a clear ENSO
signature at the inter-annual scale. The wavelet variance is
an efficient tool for the multi-scale analysis of large space-
time climate datasets and for the investigation of corre-
sponding temporal changes.
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