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Satellite-based midlatitude cyclone statistics over the Southern Ocean:

1. Scatterometer-derived pressure fields and storm tracking
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[1] A wavelet-based method is described for incorporating swaths of surface pressure
derived from scatterometer measurements into surface pressure analyses obtained from the
European Centre for Medium-range Weather Forecasts (ECMWF). The resulting modified
pressure fields are used to identify low-pressure centers over the Southern Ocean and

to build statistics of midlatitude cyclones during 7 years of the SeaWinds-on-QuikSCAT
operational period (July 1999 to June 2006). The impact of the scatterometer-derived
pressure swaths is assessed with a statistical analysis of cyclone characteristics (central
pressure, radius, depth) performed in parallel on the ECMWF and on the modified pressure
fields. More low-pressure centers (5—10% depending on the season) are identified with the
modified pressure fields, in particular incipient lows captured earlier than ECMWF and
more short-lived mesoscale cyclones (with a life span less than 4 days). The cyclones
identified with the modified pressure fields are characterized by lower central pressure and
tighter isobars on average. A parallel spectral analysis reveals ~1% additional energy at
scales less than 2000 km in the modified pressure fields.
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1. Scatterometer-derived pressure fields and storm tracking, J. Geophys. Res., 114, D04105, doi:10.1029/2008JD010873.

1. Introduction

[2] Extratropical cyclones are a critical element of the
global climate. They are responsible for a large portion of
the poleward atmospheric transport of heat and moisture.
Moreover, cyclones play an important role in the atmo-
spheric angular momentum budget. They are also responsi-
ble for maintaining the westerlies against surface friction
[Peixoto and Oort, 1992]. Since satellite observations
became available in the 1970s, many studies have focused
on revealing the temporal and spatial distribution of cyclone
activity and understanding cyclogenesis over the Southern
Ocean [Carleton, 1983; Carleton and Carpenter, 1989,
1990; Turner and Row, 1989; Heinemann, 1990; Fitch and
Carleton, 1992; Carrasco and Bromwich, 1993; Carleton
and Fitch, 1993; Sinclair, 1995, 1997; Turner and Thomas,
1994; Turner et al., 1998]. Carleton and Carpenter [1989,
1990] found that intraseasonal variations in the location of
maximum polar low occurrence are consistent with the
large-scale changes in the long waves associated with the
semiannual oscillation [van Loon et al., 1993; Simmonds
and Jones, 1998; Walland and Simmonds, 1999] of surface
pressure. They also showed that the interannual variations
of polar low occurrence were partially related to the wave-
number 1 pattern in the sea level pressure field and affected
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by the El Niflo—Southern Oscillation (ENSO) events. More
recently, Simmonds [2003] and White and Simmonds [2006]
showed that enhanced cyclone density is collocated with
negative sea-level pressure anomalies associated with large-
scale sea-surface temperature anomalies, suggesting that
coherent large scale climate variability could affect the
cyclone distribution in the Southern Ocean.

[3] In contrast to previous case studies or cyclone clima-
tology studies based on limited data records, recent studies
by Simmonds and Keay [2000a, 2000b] and Simmonds et al.
[2003] provide an updated and more complete Southern
Hemisphere cyclone climatology. They use a Melbourne
University cyclone finding and tracking scheme [Simmonds
and Murray, 1999; Simmonds et al., 1999] to calculate a
series of cyclone parameters, such as cyclone density,
cyclone strength, track duration and length, as well as
cyclogenesis and cyclolysis. They find a maximum in
cyclone density south of 60°S near the Antarctic coast in
all seasons, although concentrated in the Indian and West
Pacific oceans in autumn and winter. Many of their results
are quite consistent with the satellite-based analyses of
Carleton and Fitch [1993] and Turner et al. [1998].
However, their results are somewhat different from those
of Sinclair [1995, 1997], who located the maximum cyclone
density between 50°S and 60°S in the Atlantic and Indian
ocean sectors and south of 60°S in the Pacific Ocean.
Simmonds and Keay [2000a] also show that the average
lifetime of cyclones that persist beyond 1 day is just over
3 days, while the mean track length of winter (summer)
systems is 2315 km (1946 km). They find that many
cyclones are generated north of 50°S and propagate south
toward the ice pack. Yuan et al. [1999], however, showed
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that many of the large persistent systems form near the ice
edge during the winter season and spin off northward over
the Antarctic Circumpolar Current. Finally, Simmonds and
Keay [2000b] find that the annual and seasonal mean
cyclone densities have a decreasing trend over the last
40 years, which they speculate may be a consequence of
global warming.

[4] These different and sometimes conflicting results tell
us that there remain uncertainties about the density, the
strength, and the interseasonal and interannual variability of
midlatitude cyclones over the Southern Ocean. In turn,
because these midlatitude cyclones contribute a large por-
tion of the heat transport between the tropics and the poles,
uncertainties in their statistics translate into uncertainties in
their contribution to the overall energy budget. Condron et
al. [2006] recently showed that the number of Northeast
Atlantic cyclones less than 500 km in size was under-
estimated in the 40-year ECMWF reanalysis data set as
compared to cloud vortices detected in satellite imagery. In
this study, we therefore seek to optimize our midlatitude
cyclone statistics using scatterometer measurements (first
part of the article) in order to better characterize the tracks
and the associated fluxes of heat and momentum over the
Southern Ocean [Yuan et al., 2009].

[5] Scatterometers have revolutionized our view of the
surface wind field over the world ocean [Milliff et al., 2002;
Liu, 2002]. We now better understand its interactions with
oceanic fronts [O 'Neill et al., 2005; Samelson et al., 2006],
the air-sea interactions in the intertropical convergence zone
[Chelton et al., 2001; Chelton, 2005], the effects of bar-
oclinicity on the marine boundary layer [Foster et al.,
1999], and the role of the environmental flow in the
development of frontal waves [Patoux et al., 2005] among
many applications. Levy and Brown [1991] and Levy [1994]
demonstrated the impact of the early Seasat scatterometer
on our view of the Southern Hemisphere synoptic weather.
Marshall and Turner [1999] later illustrated the capabilities
of the European Remote Sensing (ERS) satellite in captur-
ing midlatitude cyclone centers and fronts over the data-
sparse Southern Ocean. With their 25-km grid spacing,
SeaWinds-on-QuikSCAT (QS) scatterometer measurements
contain mesoscale information about the surface wind field
that is absent from NWP analyses [Atlas et al., 1999;
Chelton et al., 2006]. When assimilated in NWP models,
QS wind vectors are often‘‘thinned”; that is, only a fraction
of the wind vectors are assimilated, or rejected if they depart
too drastically from the analysis. The rejected information,
however, contained in QS measurements and absent from
the NWP analyses might be useful for the identification of
midlatitude cyclones and for a better estimation of the
associated air-sea fluxes.

[6] Recognizing the value of scatterometer winds over
NWP surface winds, Chin et al. [1998] developed a scheme
for forcing an ocean model with scatterometer winds. The
satellite winds being measured along a swath and unequally
distributed in time and space over the globe, they proposed
a wavelet-based method for “blending” the scatterometer
winds into NWP winds. The resulting wind field contained
more kinetic energy at high wavenumbers, which translated
into a larger transfer of momentum to the ocean. One might
consider using similar blended wind fields to identify
midlatitude cyclones and calculate the associated fluxes.
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However, the atmospheric depressions corresponding to
midlatitude cyclones are more easily detected and tracked
using pressure fields. We therefore propose to adapt the
methodology developed by Chin et al. [1998] and to
“modify” surface pressure fields over the Southern Ocean
using scatterometer information integrated via a planetary
boundary layer model. We then endeavor to use these
pressure fields to improve our statistical analysis of midlat-
itude cyclones and their associated fluxes. Section 2
describes the data and the scatterometer-derived pressure
fields. In section 3 these pressure fields are blended with
ECMWF analyses using a wavelet-based method, and the
method for identifying and tracking cyclones is described.
The results are presented in section 4.

2. Data
2.1. QuikSCAT Winds

[7] The pressure fields used in this study are calculated
from the L2B QS surface wind vectors distributed by the Jet
Propulsion Laboratory Physical Oceanography Distributed
Active Archive Center (PODAAC) after removal of the wind
vector measurements contaminated by rain [Huddleston and
Stiles,2000] and/or ice. QS has yielded an almost continuous
record of measurements from 19 July 1999 to the present.
This study is based on almost 7 years of swath-based oceanic
surface pressure fields archived from 19 July 1999 to 30 June
2006.

2.2. ECMWEF Surface Pressure Analyses

[8] The reference pressure analyses used in this study are
the ds111.1 sea-level pressure analyses obtained from the
European Centre for Medium-range Weather Forecasts
(ECMWF) through the University Corporation for Atmo-
spheric Research (UCAR). These analyses are output on a
Gaussian (n80) grid with a resolution of about 1.125
degrees. They are interpolated on a 0.5 x 0.5 degree grid
for the purpose of this study. Note that QS measurements
have been assimilated in the ECMWF NWP model since
22 January 2002.

2.3. Scatterometer-Derived Pressure Fields

[9] There exist various methods for estimating the surface
pressure field from surface wind vectors [Brown and Levy,
1986; Harlan and O’Brien, 1986; Hsu et al., 1997; Hsu and
Liu, 1996; Zierden et al., 2000; Hilburn et al., 2003; Patoux
et al., 2003, 2008]. The satellite-based surface pressure
fields used in this study and referred to, here, as the
University of Washington QuikSCAT (UWQS) pressure
fields, are derived from QS measurements using the method
described by Brown and Levy [1986] and Patoux et al.
[2003]. They are available at http://pbl.atmos.washingto-
n.edu. The pressure retrieval method has been extensively
described in previous articles [e.g., Patoux et al., 2008] and
is only shortly summarized here.

[10] A swath of gradient wind vectors is calculated from
the QS surface wind vectors using the University of
Washington Planetary Boundary Layer (UWPBL) model
[Brown, 1982]. The gradient wind vectors are translated into
pressure gradients using the gradient wind correction
described by Patoux and Brown [2002]. A pressure field
is fit to the swath of pressure gradients by least-squares
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Figure 1. Mesoscale detail appearing in UWQS surface
pressure fields (solid lines are 4-hPa isobars) while absent
from ECMWF surface pressure analyses (dashed lines are
4-hPa isobars): (a) 3 January 2006 at 0540 UTC (QS) and
0600 UTC (ECMWF) and (b) 21 April 2005 at 1825 UTC
(QS) and 1800 UTC (ECMWEF).
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minimization [Brown and Levy, 1986; Brown and Zeng,
1994]. Patoux et al. [2008] have established that the root-
mean-square difference between the UWQS surface pressure
field and the closest-in-time ECMWF surface pressure
analysis is on the order of 2 hPa in the midlatitudes and
1 hPa in the tropics. They compared the UWQS pressure
fields with buoy pressure measurements and found an
average correlation of 0.968 between bulk pressure gra-
dients. Finally, a spectral analysis of the ECMWF and
UWQS surface pressure fields revealed more energy at all
scales in the midlatitudes in the latter product, suggesting
that the UWQS surface pressure fields contain stronger
pressure gradients overall than the ECMWF analyses. This
is consistent with the results of Chelton and Freilich [2005],
who showed a 0.4 m s' low bias in the ECMWF 10-m
wind speeds.

[11] The UWQS surface pressure fields might also con-
tain more information at certain scales of motion, in
particular at the mesoscale, as suggested by visual inspec-
tion of the pressure fields. Figure 1 shows two examples of
UWQS surface pressure fields revealing mesoscale detail
that is absent from the corresponding ECMWF analyses.
Figure la shows a small low pressure region (50°N, 165°W,
south of the Aleutian Islands) embedded in the remnant of a
cold front associated with a mature midlatitude cyclone
further to the northwest. Figure 1b shows a similar depres-
sion (58°S, 162°W) along a curving cold front associated
with a mature cyclone south of New Zealand. In both cases
the small lows are absent from the ECMWF analysis, which
shows a continuous trough. Such small-scale features can be
identified with high accuracy from scatterometer-derived
pressure fields. These are thus believed to contain valuable
information about the position, the stage of development,
and the structure of midlatitude cyclones and their attendant
fronts. However, because the QS swaths unequally cover
the surface of the ocean, some cyclones are only partly
captured by the instrument, and the smaller depressions may
fall in the gap between two successive swaths, as shown in
Figure 2. Figure 2a shows two QS swaths, each intersecting
one half of a mesoscale cyclone in the North Pacific Ocean,
but not the center (32°N, 160°W). Figure 2b shows a similar
case in the South Atlantic Ocean in which the center of the
cyclone falls on the edge of two successive swaths (42°S,
18°W). These examples illustrate the limitations that one
would encounter in establishing cyclone statistics from
scatterometer measurements alone. Therefore, to take full
advantage of the information contained in the UWQS
surface pressure fields while minimizing the lack of infor-
mation between the swaths, a method is sought for blending
UWQS pressure retrievals into ECMWF analyses.

3. Methodology
3.1. Wavelet Decomposition of Surface Pressure Fields

[12] Wavelets are a powerful tool for the analysis of time
series and geophysical fields [Foufoula-Georgiou and
Kumar, 1994]. A wavelet decomposition retains the advan-
tages of a spectral analysis, by revealing variations of the
signal on different scales, while yielding information about
the location of these variations in time or in space. Thus,
applied to a surface wind field or a surface pressure field, a
wavelet decomposition will capture and separate mesoscale
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Figure 2. Examples of cyclone centers falling in the gap
or on the edge of two scatterometer swaths: (a) 3 January
2005 between 0400 and 0600 UTC and (b) 23 January 2005
between 1700 and 1900 UTC. The solid lines are 4-hPa
UWQS surface isobars. The dashed lines are 4-hPa
ECMWEF surface isobars.
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from synoptic-scale features while retaining information
about the location of these features on the globe. Chin et
al. [1998] interpolated individual swaths of scatterometer
surface wind fields on a regular grid using spline functions
and decomposed the resulting wind field with Battle-
Lemarie wavelets. Their method had the advantage of
operating a smooth transition across the edges of the swath.
Here we use a similar approach based on the maximum
overlap discrete wavelet transform (MODWT) and the least
asymmetric wavelet (LAS8) described by Percival and Walden
[2000]. Since the QS measurements are performed on a
regular grid with 25-km grid spacing, we take advantage of
the grid and perform the decomposition of the pressure field
in swath coordinates. A reflection of the swath is performed
in both directions to avoid edge effects [Percival and
Walden, 2000]. By inverse recomposition of the wavelet
coefficients up to a certain wavelet width, the detail of the
pressure field is reconstructed up to a certain scale.

[13] Figure 3 shows an example of such a reconstruction
of a UWQS surface pressure field on 27 January 2003,
0230 UTC south of Madagascar. Figure 3a shows the sum
of the 25-, 50- and 100-km wavelet coefficients. Subsequent
panels contain one more level of detail (Figure 3b: 200 km,
Figure 3c: 400 km, and Figure 3d: 800 km). Figure 3e
shows the complete recomposition, i.e., the original UWQS
surface pressure swath. The swath intersects a mature
cyclone at 60°S and a secondary cyclone at 40°S on the
cold front of the parent cyclone. As we recompose the
pressure field, more information about the two cyclonic
systems is being added until we capture most of their
structure in Figure 3d. This last field contains all scales
below (and including) 800 km, but none of the larger
synoptic-scale information.

[14] The same wavelet decomposition and detail recom-
position of the ECMWF surface pressure analysis for
27 January 2003 at 0000 UTC is shown in Figure 4. A
panel-to-panel comparison with Figure 3 shows that the two
weather systems are present in the ECMWF analysis, but
the two cyclones are less intense than in the UWQS
surface pressure swath. In particular, this secondary
cyclone, although present in the detail of Figure 4d, is too
shallow to appear as a closed low in Figure 4e. The
secondary depression is present in the wavelet detail, but
it is overcome by the synoptic structure of the pressure
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Figure 3. Wavelet reconstruction of a UWQS surface pressure swath at different levels of detail. Solid
lines are 4-hPa isobars. Same color scale as in Figure 1. (a) Including 25-, 50-, and 100-km wavelet
coefficients. (b) Same with 200-km coefficients added. (c) Same with 400-km coefficients added.
(d) Same with 800-km coefficients added. (e) Original surface pressure swath, 27 January 2003, 0230 UTC.
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