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[1] Midlatitude cyclone tracks over the Southern Ocean are constructed for the 1999–2006
period using two surface data sets: European Centre for Medium-range Weather Forecasts
(ECMWF) sea-level pressure analyses on one hand, and on the other hand modified
analyses in which high-wavenumber pressure variability derived from scatterometer swaths
has been injected with a wavelet-based method. A comparison of track statistics reveals
the differences between the two data sets. The fluxes of momentum and sensible and latent
heat associated with these midlatitude cyclones are calculated and sorted by life span. Three
aspects of these cyclone flux statistics are investigated. (1) The momentum flux into the
ocean is stronger inside cyclones than over the rest of the Southern Ocean, while the ocean
loses more sensible and latent heat outside of the cyclones. (2) The momentum flux into
the ocean and the loss of sensible and latent heat by the ocean are larger when calculated
from the scatterometer-modified analyses than when calculated from the original ECMWF
analyses. (3) Mesoscale cyclones (short-lived cyclones) contribute a significant amount
of the fluxes between the atmosphere and the Southern Ocean, although over slightly
different geographic areas from longer-lived cyclones.
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1. Introduction

[2] The air-sea exchanges of momentum, sensible and
latent heat are an important component of the climate system.
The momentum flux into the ocean is a key component of
Ekman pumping, upwelling, wave activity and upper ocean
mixing, as well as the large-scale ocean circulation. The air-
sea heat fluxes play an important role in the redistribution of
heat between the tropics and the poles. Determining the
exchanges of momentum, sensible and latent heat between
the Southern Ocean and the overlying atmosphere is crucial
to understand the role played by the Southern Ocean in the
global climate system on seasonal to interannual timescales.
[3] A unique characteristic of the Southern Hemisphere is

the presence of the ice-covered Antarctic continent and sur-
rounding sea ice. Coupled with the polar vortex, this distri-
bution of glacial ice and sea ice feeds extremely cold air into
the midlatitudes. The channeling of this cold air to the north is
partly influenced by katabatic winds and the orography of the
Antarctic continent, and partly controlled by the hemispheric
distribution of synoptic weather systems, as it feeds the cold
sector of midlatitude cyclones [Bromwich and Parish, 1998].
Once over relatively warmer water, the cold Antarctic air is
responsible for intense upward heat fluxes. Moreover, the

baroclinicity caused by the strong temperature contrast
between sea ice and open water, as well as the instability
caused by cold air over relatively warmer water, provide ideal
environments for cyclogenesis, which makes the seasonal ice
zone a brewing ground for cyclones [Carrasco and Bromwich,
1993; Godfred-Spinning and Simmonds, 1996; Yuan et al.,
1999]. The rich cyclone activity over the Southern Ocean
further complicates momentum and heat fluxes at the air-sea
interface.
[4] Another characteristic of the Southern Ocean is the

absence of blocking continent at high latitude and the
existence of the Antarctic Circumpolar Current (ACC),
which transports momentum and heat very efficiently around
the entire Southern Hemisphere. Understanding the variabil-
ity of local air-sea fluxes is thus important for our under-
standing of the variability of the entire Southern Ocean and,
through the thermohaline circulation, of the global climate
system.
[5] Existing statistics of these fluxes rely on bulk param-

eterizations and numerical weather prediction (NWP) model
analyses of the surface wind field. Satellite data such as
Special Sensor Microwave/Imager (SSM/I) measurements
have been assimilated in some of these analyses or reanalyses
[Kubota et al., 2003]. However, the surface wind fields
are often underestimated, especially in the high wind speed
regime [Yuan, 2004]. Consequently, air-sea fluxes, which are
a function of the surface wind speed, are also underestimated,
in particular within midlatitude storms, where the surface
wind speed is often higher than 20 m s�1. Additionally, NWP
models misrepresent a certain percentage of the midlatitude
cyclones in the Southern Hemisphere: they either represent
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the intensity or structure of the pressure field incorrectly, or
miss the incipient cyclone altogether [Hilburn et al., 2003].
This further contributes to underestimating the impact of
midlatitude cyclones on air-sea fluxes of momentum, sensi-
ble and latent heat. To characterize better these fluxes, we
need to capture better the structure of the surface wind field,
in particular the signature of extratropical cyclones, and
assess better the impact of these cyclones on the ocean. It is
therefore important to build an accurate picture of the number
and intensity of cyclones and to understand their role in the
exchange of energy between the atmosphere and the ocean.
Simmonds and Keay [2002] performed such an analysis for
the North Pacific and North Atlantic oceans, in which they
computed the variability of the surface stress (approximated
as the square of the surface wind speed) and compared it to
variations in midlatitude cyclone characteristics. Here we
assess the impact of satellite observations on the calcula-
tion of momentum and heat fluxes inside cyclones. To take
advantage of high-resolution satellite observations while
avoiding the discontinuity in storm tracking introduced by
satellite swath gaps, we enhance NWP model sea-level pres-
sure (SLP) analyses with SLP fields derived from scatterometer
winds via a planetary boundary layer (PBL) model.
[6] Patoux et al. [2009] (hereafter PYL) described how to

use SLP fields derived from QuikSCAT (QS) scatterometer
winds using the University of Washington planetary bound-
ary layer (UWPBL) model [Brown and Levy, 1986; Brown
and Liu, 1982; Brown and Zeng, 1994; Patoux, 2004] to
incorporate mesoscale to synoptic-scale satellite information
into NWP model surface analyses. The high-wavenumber
wavelet coefficients of the scatterometer-derived pressure
fields were injected into ECMWF SLP analyses over the
Southern Ocean with the following method: (1) Swaths of
surface pressure were retrieved from QS winds using the
UWPBLmodel. (2) The resulting pressure fields were decom-
posed using a maximum overlap discrete wavelet transform,
which produced a set of two-dimensional wavelet coeffi-
cients at scales of 50 km to 1600 km. (3) The ECMWF
surface pressure analyses were decomposed using the same
wavelet transform. (4) The ECMWF wavelet coefficients at
scales less than (and including) 800 km were replaced with
the QS-derived wavelet coefficients for swaths occurring
within ±3 hours of the synoptic time. (5) The modified fields
were reconstructed by recomposing the wavelet coefficients.
As a result, the modified pressure fields contain the large-
scale structure of the original ECMWF analyses while also
containing the small-scale detail of the QS-derived pressure
swaths. Additionally, discontinuities in cyclone tracks that
would exist if the tracks were reconstructed fromQS pressure
swaths alone, owing to gaps between swaths, are eliminated
because the gaps now contain ECMWF pressure values and,
in particular, cyclone centers if any. When identifying mid-
latitude cyclone centers and tracks from this new set of pres-
sure fields, more low-pressure centers (5–10% depending
on the season), deeper cyclones, and longer tracks were
obtained, while the pressure fields contained�1% additional
energy at scales less than 2000 km, and this in spite of the fact
that QS winds have been assimilated in the ECMWF NWP
model since 22 January 2002. All these features should
contribute to the enhancement of momentum and heat fluxes
at the air-sea interface.

[7] In order to assess the impact of the injected satellite
information inside and outside cyclones, a method was first
described for identifying midlatitude cyclones from surface
pressure analyses: (1) Local pressure minima over the ocean
were first identified in the European Centre for Medium-
range Weather Forecasts (ECMWF) surface analyses. (2) If
the difference between the central pressure and the surround-
ing pressure averaged over ±4 grid points was less than 1 hPa,
then the centers were discarded as shallow minima. (3) If the
average Laplacian of pressure was less than 0.5� 10�10 hPa
m�2, then the low centers were discarded as weak circula-
tions. The Southern Ocean midlatitude cyclone tracks for the
period July 1999 to June 2006 were then reconstructed using
the Melbourne University tracking algorithms developed by
Murray and Simmonds [1991] and Simmonds et al. [1999].
[8] PYL also described a method for estimating the size of

a cyclone from the surface pressure field. Following in the
steps of previous authors and adapting their schemes, we
choose to calculate the distance at which the radial pressure
gradient decreases below a certain threshold (2.5� 10�5 hPa
m�1) after going through a maximum. We average that
distance over eight radial lines and name it the ‘‘radius’’ of
the cyclone, with the understanding that a cyclone is not
circular, and that ‘‘radius’’ is another name for ‘‘size.’’ We
further estimate the pressure at each of those eight points
and average it. We define the ‘‘depth’’ of the cyclone as the
difference between that average pressure and the central
pressure. The radius is sensitive to the threshold; the partic-
ular value of the threshold was chosen subjectively by visual
inspection of a large series of cyclones in such a way as to
ensure that, in each case, the circle encloses at least all closed
isobars, reaches the closest col point, and captures the bulk of
the air-sea fluxes in the storm.
[9] We now investigate the impact of the injection of QS

information on the estimation of the fluxes inside and outside
cyclones. More particularly, we are interested in comparing
the role of short-livedmesoscale cyclones with that of longer-
lived cyclones. To that effect, we need to: (1) determine the
geographical distribution of cyclone tracks as well as the
characteristics of the cyclones along those tracks (section 2);
(2) estimate the fluxes associated with the cyclones through-
out their life cycle (section 3); and (3) integrate the fluxes as a
function of storm duration and compare the results for short-
and long-lived cyclones (section 4).

2. Cyclone Tracks

[10] In order to understand the impact of midlatitude
cyclones on the ocean in terms of air-sea fluxes, it is useful
to first establish the geographical context in which those
fluxes are taking place, i.e., the geographical distribution of
tracks, as well as the areas along those tracks where cyclones
are typically deeper, larger, and more intense. Figure 1 shows
the cyclone tracks per season and per year for 4 years of the
1999–2006 period, reconstructed from ECMWF analyses
with the Melbourne University algorithm. Many of the
features described in the recent literature on the Southern
Hemisphere, for example, the recent storm track analysis by
Hoskins and Hodges [2005], can be observed here. Inter-
seasonal variability can be noted, with a smaller number of
tracks in summer (JFM) hugging the coast of the Antarctic
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