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Abstract. A set of meteorological instruments was added
to an oceanographic cruise crossing the Southern Ocean
from Cape Town to 57◦33′ S during the summer of 2008.
The Cape Cauldron, the Subtropical, Subantarctic, Polar and
southern Antarctic Circumpolar current fronts were succes-
sively crossed. The recorded data permitted to derive the ex-
change of momentum, heat and water vapour at the ocean-
atmosphere interface. A set of 38 radiosonde releases com-
plemented the dataset. The marine atmospheric boundary
layer characteristics and air-sea interaction when the ship
crossed the fronts and eddies are discussed.

The specific role of the atmospheric synoptic systems ad-
vection on the air-sea interaction over these regions is high-
lighted.

Additionally, the Subantarctic front mesoscale variability
induced an anticyclonic eddy considered as part of the Sub-
antarctic front. The specific influence of this Agulhas ring on
the aloft atmosphere is also presented.

1 Introduction

Several in-situ observational studies have previously identi-
fied some interactions between the Sea Surface Temperature
(SST) and the atmosphere over regions where intensive and
highly variable mesoscale activity is persistent: Gulf Stream
and Kuroshio and Agulhas currents (Businger and Shaw,
1984; Jury and Walker, 1988; Friehe et al., 1991; Rouault
and Lee-Thorp, 1996; Kwon et al., 1998; Giordani et al.,
1998; Rouault and Lutjeharms, 2000; Rouault et al., 2000a,
b; Bourras et al., 2004; Tokinaga et al., 2006). These pa-
pers described the SST fronts’ interaction with the atmo-

sphere and wind changes near the surface and throughout
the Marine Atmospheric Boundary Layer (MABL). The past
decade of satellite observations have permitted an improved
understanding of the relationship between SST and surface
winds at oceanic mesoscales over many regions. The review
of these interactions, in-situ, remotely and numerically iden-
tified, can be found in Chelton et al. (2004), Xie (2004) and
Small et al. (2008). The SST fronts are supposed to interact
with the aloft atmosphere through the dynamic (wind vari-
ability) and thermodynamic effects; both induce changes in
the vertical structure of the MABL. For instance, Small et
al. (2008) showed that air-sea interactions are enhanced in
the vicinity of oceanic frontal regions. The air-sea surface
differences induce changes in the vertical structure of the
MABL which is mainly controlled by both pressure gradients
and the turbulent mixing of momentum as air flows across
a front. The atmospheric vertical potential temperature pro-
file is expected to be stabilized (or neutrally stabilized) over
the cold front side and destabilized over the warm front side.
This and substantial changes in turbulent heat fluxes across
ocean fronts can give rise to some changes in boundary layer
structure and height. In some cases, an Internal Boundary
Layer (IBL) is formed as air flows across a front. Moreover,
differential heating of the MABL across an ocean front tends
to create a pressure gradient force in the direction of the SST
gradient. The effect on the MABL is to increase (decrease)
the wind stress over warm (cold) water through a modifica-
tion of the vertical structure of the MABL by turbulent heat
fluxes.

For the specific case of the wind magnitude changes above
SST discontinuities both in-situ and remote (satellite) mea-
surements were used. For the latter, the interaction was
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1002 C. Messager et al.: Marine atmospheric boundary layer over some Southern Ocean fronts

Fig. 1.Front locations (for the period 15 February–20 March 2008)
based on satellite altimetry. ARC is the Agulhas Return Current; N-
STF and S-STF are the Norhern and the Southern Subtropical Front
(STF) respectively; SAF is the Subantarctic Front, PF is the Polar
Front, SACCF is the Southern ACC front and SBy is the South-
ern Boundary. Also shown are the ship track (yellow line) and the
location of the “M” eddy (see text).

highlighted by averaging surface data over weeks in order
to reduce the effects of powerful synoptic weather feature
variability that can hide less energetic signals due to sea
surface discontinuities. Such an approach is thus more cli-
matic than related to process investigation. However, the
SST-wind interaction was also highlighted with in-situ ob-
servation but only when synoptic weather conditions were
fair enough (wind not exceeding 15 m s−1, whatever the lo-
cation of the in-situ campaigns) and thus, when the MABL
structure was rather affected by the predominant local effect.
Small et al. (2008) actually mentioned that the SST-MABL
interaction description is complicated by the displacement
of synoptic atmospheric features and these are expected to
play an important role in the setting of the vertical stratifi-
cation. However, once the MABL vertical structure variabil-
ity is considered, the magnitude and the importance of the
MABL diurnal cycle is then also questionable. Indeed, the
latter drives the vertical mixing when synoptic conditions are
fair over many Earth places.

All these interaction processes were mainly investigated in
the Northern Hemisphere western boundary current system
(e.g., Kwon et al., 2010; Kelly et al., 2010); less is known
about the Southern Ocean (SO) frontal system and its ef-
fect on the atmosphere. The main feature of the SO is its
conspicuous frontal banding (i.e., Orsi et al., 1995; Belkin

and Gordon, 1996). The SO is limited to the north by the
Southern Subtropical Front (S-STF), which separates sub-
tropical and subantarctic waters. To the south of it flows the
Antarctic Circumpolar Current (ACC) which consists of mul-
tiple branches and filaments that are gathered to represent the
main ACC fronts (Swart et al., 2008; Sokolov and Rintoul,
2009a, b). The fronts often exhibit considerable latitudinal
variability on their circumpolar path. These forms of vari-
ability are dominant in the mesoscale induced by front me-
andering and eddy genesis (Lutjeharms and Valentine, 1988;
Stammer, 1998; Phillips and Rintoul, 2000; Morrow et al.,
2004).

The S-STF also marks the southern limit of the Agulhas
current, which transports warm water along the southeastern
coast of Africa and which is regarded as the strongest western
boundary current in the Southern Hemisphere and the largest
of the world’s oceans (Bryden et al., 2005). South of Africa,
its retroflexion, the Agulhas Retroflection, has a large impact
on climate, regional weather and marine ecosystems (Lut-
jeharms, 2006). This powerful current produces meanders,
which eject many persistent eddies (Lutjeharms and van Bal-
legooyen, 1988; Boebel et al., 2003). The eddies, fronts, and
filaments associated with the Agulhas Current and Retroflex-
ion are numerous and spread with sharp horizontal SST gra-
dients. These surface discontinuities impact the air-sea ex-
changes locally and regionally (Jury and Walker, 1988; Lee-
Thorp et al., 1999; Rouault and Lutjeharms, 2000; Reason,
2001; Small et al., 2008).

The hydrographic structure and frontal systems between
Africa and Antarctica have been studied and described (e.g.,
Lutjeharms and Valentine, 1984; Belkin and Gordon, 1996;
Swart et al., 2008; Gladyshev et al., 2008) but little work
was conducted to better understand the regional and tem-
poral variability of the SO fronts south of Africa (Sokolov
and Rintoul, 2009a; Swart and Speich, 2010). Ever since,
the specific issues related to the SO south of Africa versus
atmospheric dynamics have been poorly documented. How-
ever, within the Agulhas Current system, north of the S-STF,
the response of the MABL to a SST gradient has already
been described by Walker and De Mey (1988), De Mey et
al. (1990) or Rouault et al. (1995). A more spatially spread
study (Rouault and Lee-Thorp, 1996) described measure-
ments of the MABL between Cape Town and Marion Island.
However, no atmospheric campaign crossed successively the
Cape Basin, the S-STF (covering the western subtropical
convergence windward the Agulhas Retroflection area), or
any of the ACC fronts. This latter region has thus a poor set of
ocean-atmosphere measurements compared to other regions
around the world, despite its importance for the climate and
the global warming exchanges between the Indian and the
Atlantic oceans as well as with the atmosphere (Lutjeharms,
2006). Also, the literature does not bring any information
about the air-sea intraction issue for locations south of the
South African S-STF.
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The international GoodHope program was undertaken in
2004 to monitor the exchange of water and properties be-
tween the Atlantic and Indian oceans, and to better under-
stand the processes involved in these exchanges (e.g., An-
sorge et al., 2004). The 2008 cruise of the GoodHope pro-
gram was carried out in the framework of the International
Polar Year, and was named the BONUS-GoodHope cruise
(hereafter BGH), since it associated the fourth hydrographic
sampling of the GoodHope line with atmospheric and bio-
geochemical measurements constitutive of the BONUS pro-
gram. The BGH cruise followed the track presented in
Fig. 1 and crossed successively the Cape Basin, the STF and
the ACC fronts. Starting from Cape Town in South Africa
(13 February 2008), the R/VMarion Dufresnesailed south-
west to reach the Greenwich line, at which it sailed south-
ward until 57◦33′ S (18 March 2008). The BGH cruise was
an opportunity to perform some atmospheric measurements
over these regions where in-situ data are rare due to severe
weather conditions (much of the regional history has been
derived from satellite retrievals). It was the first time this sec-
tion was instrumented with atmospheric measurements in or-
der to have surface information as well as the vertical struc-
ture of the MABL through the regular releases of radiosondes
(see Sect. 3). These measurements also allowed the computa-
tion of surface fluxes. A large set of meteorological data was
continuously sampled in order to describe the atmosphere
close to the surface while crossing remarkable ocean features
(fronts, eddies).

The aim of this paper is thus to present the set of at-
mospheric observations performed during the BGH cruise.
Moreover, this work presents a highlight of the relative influ-
ence of the frontal SST anomaly effect (Sect. 4), the synoptic
features effect (Sect. 5) as well as the MABL diurnal cycle
effect (Sect. 6) on the observed sea surface-atmosphere inter-
action when the ship met oceanic southern fronts and eddies.

2 Ocean dynamics and fronts

The BGH route was planned to maximize sampling of the
complex oceanic temperature fields, which included short-
lived filaments, mesoscale eddies, and SO fronts. The re-
gional upper-ocean structure, together with the frontal loca-
tions, is shown in Fig. 1, where fronts are drawn using satel-
lite altimetry (Swart and Speich, 2010; Arhan et al., 2011),
and Argo float data (Faure et al., 2011). However, their pre-
cise locations mentioned hereafter are determined using the
hydrographic data collected during the survey and classical
hydrographic criteria (e.g., Orsi et al., 1995; Belkin and Gor-
don, 1996) (see also Fig. 2).

Compared with Drake Passage and south of Australia,
the oceanic sector south of Africa constitutes the most dy-
namic and variable sector of the SO. The Agulhas Current,
which lies along the southeastern edge of the African con-
tinental shelf, is marked by a region of extreme mesoscale

variability (Lutjeharms, 2006) in the form of eddy shedding
that is associated with the current retroflecting back toward
the east (Gordon, 1985; Duncombe-Rae, 1991; Lutjeharms,
1996; de Ruijter et al., 1999; Boebel et al., 2003). The Ag-
ulhas Retroflection region is characterized by an intermittent
stream of anticyclones (Agulhas Rings) and cyclones (Lutje-
harms and Gordon, 1987; de Ruijter et al., 1999). The rings
are occluded from the Agulhas Retroflection, propagate gen-
erally in a northwest direction (Schouten et al., 2000), then
intersecting the GoodHope line in the subtropical domain
(Gladyshev et al., 2008; Swart et al., 2008).

The ACC is characterized by a series of eastward jets as-
sociated with baroclinic fronts, which denote the positions of
the maximum meridional thermohaline gradients (e.g., Orsi
et al., 1995; Belkin and Gordon, 1996). In the African sector
of the SO, four primary fronts exist: the Southern Subtropical
Front (S-STF), the Subantarctic Front (SAF), the Polar Front
(PF), and the southern ACC front (SACCF). Additionally,
the southern boundary of the ACC (SBdy) marks the limit
separating flow between the ACC and Weddell Gyre system
(Orsi et al., 1993). The spatial structure of the S-STF south
of Africa is complicated by the presence of Agulhas Rings,
particularly in the region of the BGH line, in the Cape Basin.
At this location, the S-STF is made up by an almost continual
“stream” of eddies (Lutjeharms and Valentine, 1988; Belkin
and Gordon, 1996; Dencausse et al., 2010). Because of this
complex subtropical-subantarctic transition at the south of
Africa, the detection of the S-STF led to a wide latitudinal
span, from 38◦20′ S to 42◦ S, suggestive of two branches at
these latitudes during the BGH cruise. The northern limit of
this interval shows the most pronounced gradient (e.g.: a SST
drop of 5◦C and salinity change from 34.7 to 35.0, at 100 m),
and lies at the southern border of the wide saline domain
(S > 35.0) marking the border of an Agulhas ring (Arhan et
al., 2011). The northern branch of the S-STF was crossed
on the 24 February (day 55 since the 1 January 2008). The
southern limit of the S-STF coincides with the southern bor-
der of an Agulhas cyclone that was shed 4.5 months before
from the Agulhas Banc (Arhan et al., 2011). This cyclone –
so-called “S eddy” – was crossed the 26 February (day 57)
from 40.6◦ S to 42.5◦ S while one of the southern type of Ag-
ulhas Rings – so called “M-eddy” – was crossed just north of
the SAF, from 42.7◦ S to 44◦ S, during the 28 and 29 Febru-
ary (days 59 and 60). This latter ring was 9.5 months old.

The SAF was located at 44.17◦ S and crossed during the
28 and 29 February (day 59 and 60). Following Orsi et
al. (1995) the PF was located at the northern end of the do-
main where a shallow (<200 m) vertical temperature min-
imum can be found at 50◦22′ S. The PF was thus crossed
the 8 March (day 68). The Southern ACC Front (SACCF)
location (52◦56′ S) was crossed the 12 March (day 72).
The Southern Boundary of the ACC (SBdy) was found at
55◦54′ S and crossed on 14 March (day 74). The last BGH
station was carried out at 57◦33′ S south of the ACC, in the
Weddel Gyre the 16 March.
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Table 1. Instrument characteristics.

Manufacturer Instrument Height Parameters Units Uncertainty Sampling rate

Space Science
and Engineering
Center, Univer-
sity of Wisconsin-
Madison

M-AERI 20 m
Skin-temperature ◦C < 0.1a 10 min

Air temperature ◦C < 0.1a 10 min

Coastal Envi-
ronmental
Systems Inc.

Wind vane 5103 20 m Wind speed and di-
rection

m s−1 ◦
±0.3b

±3◦b 1 min

Relative
Humidity
S1057W

20 m Relative humidity % ±2c 1 min

Barometer
6400

20 m Barometric
pressure

hPa ±0.5d 1 min

Temperature
S1074

Air temperature ◦C ±0.1 1 min

Eppley Laboratory
Precision Infrared
radiometer

20 m Longwave radiation W m−2 < 5 % 1 min

Prescision
Spectral
Pyranometer

20 m Shortwave radiation W m−2
±1 % 1 min

SeaBird Thermosalinograph−6 m Sea Bulk tempera-
ture

◦C ±0.01 1 min

Vaisälä Radiosondes
RS92-SGP

From 14 m to
29 000 m

Vertical profile of
air temperature

◦C ±0.15f 1 s to 10 sg

From 14 m to
29 000 m

Vertical profile of
air humidity

% ±2 %f 1 s to 10 sg

From 14 m to
29 000 m

Vertical profile of
wind direction

◦
±2f 1 s to 10 sg

From 14 m to
29 000 m

Vertical profile of
wind speed

m s−1
±0.15f 1 s to 10 sg

From 14 m to
29 000 m

Vertical profile of
barometric pressure

hPa ±0.4 hPa 1 s to 10 sg

a Minnett et al. (2001)
b Coastal Environmental Systems, Inc., Wind Monitor 5103 brochure
c Coastal Environmental Systems, Inc., Relative Humidity Sensor S1057 brochure
d Coastal Environmental Systems, Inc., Barometer 6400 brochure
e ARM MWR manual for December conditions at the SGP site
f All radiosonde uncertainties are based on repeatability in calibration from Vaisälä
g For radiosonde data collected before 4 March 2008, the sampling interval for all radiosonde variables was 10 s

3 Data

A total of 111 hydrographic profiles were obtained at 79
geographical stations, from the African continental slope
to beyond the ACC Southern Boundary along the Green-
wich Meridian. Further information on the various measure-
ments may be found in the cruise report (Speich and Dehairs,
2008), and details of the hydrographic measurements in the
Conductivity-Temperature-Depth (CTD) data report (Branel-
lec et al., 2010).

The atmospheric data were collected by classical atmo-
spheric measurements as well as radiometric and radiosound-
ing processes. The set of instruments was composed by a
standard weather station (the Weatherpack) modified for sea
application; an interferometer and a radiosonde station (see
Table 1).

Most of the instruments except the radiosonde receiver
were installed above the footbridge at 20 m height. Atten-
tion was paid to limit the effect of the ship on each in-
strument, which included profiling and imaging, as well as

Ocean Sci., 8, 1001–1023, 2012 www.ocean-sci.net/8/1001/2012/
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Table 2.Times and locations of the 38 radiosondes released.

Sondes Date Day/1 Jan Time Latitude Longitude Information

RS1 23 Feb 2008 54 16:21 38.09◦ S 12.09◦ E
STFRS2 24 Feb 2008 55 11:45 39.19◦ S 11.32◦ E

RS3 24 Feb 2008 55 18:02 39.56◦ S 11.06◦ E
RS4 25 Feb 20085 56 11:50 40.72◦ S 10.21◦ E
RS5 25 Feb 2008 56 17:59 41.18◦ S 9.92◦ E
RS6 26 Feb 2008 57 11:55 42.04◦ S 9.27◦ E
RS7 26 Feb 2008 57 17:57 42.25◦ S 9.10◦ E

RS8 26 Feb 2008 57 23:55 42.47◦ S 8.93◦ E Diurnal cycle at a stopped station
RS9 27 Feb 2008 58 06:12 42.47◦ S 8.93◦ E
RS10 27 Feb 2008 58 11:55 42.47◦ S 8.93◦ E
RS11 27 Feb 2008 58 17:56 42.47◦ S 8.93◦ E

RS12 28 Feb 2008 59 11:55 42.78◦ S 8.67◦ E
SAFRS13 28 Feb 2008 59 19:55 43.32◦ S 8.24◦ E

RS14 29 Feb 2008 60 08:01 44.04◦ S 7.63◦ E

RS15 1 Mar 2008 61 16:04 44.90◦ S 6.89◦ E
RS16 3 Mar 2008 63 11:55 46.36◦ S 5.54◦ E
RS17 4 Mar 2008 64 12:05 47.51◦ S 4.41◦ E
RS18 5 Mar 2008 65 17:58 47.55◦ S 4.38◦ E
RS19 6 Mar 2008 66 11:59 47.97◦ S 3.96◦ E
RS20 7 Mar 2008 67 11:53 49.03◦ S 2.83◦ E

RS21 6 Mar 2008 68 18:13 50.11◦ S 1.61◦ E
PFRS22 9 Mar 2008 69 12:14 50.64◦ S 0.86◦ E

RS23 10 Mar 2008 70 11:56 51.85◦ S 0.00◦ E Diurnal cycle at a stopped station
RS24 10 Mar 2008 70 17:54 51.86◦ S 0.00◦ E
RS25 10 Mar 2008 70 23:55 51.86◦ S 0.00◦ E
RS26 11 Mar 2008 71 06:07 51.88◦ S 0.01◦ E

RS27 11 Mar 2008 71 11:55 51.89◦ S 0.00◦ E
SACCFRS28 12 Mar 2008 72 11:55 52.98◦ S 0.00◦ E

RS29 12 Mar 2008 72 17:57 53.26◦ S 0.00◦ E

RS30 13 Mar 2008 73 11:55 54.71◦ S 0.07◦ W
RS31 14 Mar 2008 74 12:04 55.67◦ S 0.03◦ E
RS32 15 Mar 2008 75 05:58 56.74◦ S 0.00◦ E
RS33 15 Mar 2008 75 17:51 57.55◦ S 0.04◦ W
RS34 15 Mar 2008 75 23:54 57.55◦ S 0.04◦ W
RS35 16 Mar 2008 76 05:53 57.55◦ S 0.04◦ W
RS36 16 Mar 2008 76 11:55 57.55◦ S 0.04◦ W
RS37 16 Mar 2008 76 17:53 57.55◦ S 0.04◦ W
RS38 17 Mar 2008 77 11:56 57.55◦ S 0.04◦ W

those which required adequate ventilation and clear lines-
of-sight. On the forward railing, to the starboard side of the
centreline, two tabs were welded to allow a secure deploy-
ment of the Weatherpack and radiation sensors on a T-frame.
The Weatherpack provided minute-averaged measurements
with a Young anemometer (for wind speed and direction) as
well as with sensors to measure air temperature, relative hu-
midity and barometric pressure. They were mounted at the
top of the “T”. The Eppley pyranometer and pyrgeometer
dedicated to longwave and shortwave radiations recording

(minute-averaged) were placed on gimbals at the end of each
arm of the “T”. The plates which house the meteorological
measurements were well-ventilated to ensure the best qual-
ity data. The Eppley domes were maintained daily to remove
traces of precipitation and soot from the ship’s smokestack.
The two gimbals reduced the effect of ship motion, partic-
ularly pitch and roll, on the measurements. Dome temper-
atures were recorded for the pyrgeometer during the cruise
and used in post-processing to ensure the highest accuracy
longwave measurement.

www.ocean-sci.net/8/1001/2012/ Ocean Sci., 8, 1001–1023, 2012
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Fig. 2.Time series of:(a) the barometric pressure in hPa (green line), the SST and air temperature at ten meters height in◦C (purple and blue
lines respectively);(b) wind speed in m s−1 and wind direction (black and grey lines respectively) as well as relative humidity (dark blue
line) in %; (c) turbulent heat fluxes (green curve) – positive upward, incoming solar radiation (red curve) – positive downward, longwave
radiation (gray curve) – positive upward, net heat flux (dark blue curve) – negative upward. For(a), left vertical axis is pressure in hPa and
right vertical scale is temperature in◦C. For(b), left vertical axis is wind speed in m s−1 and right vertical axe is direction in degree as well
as relative humidity in %. For(c), vertical axis is heat flux in W m−2. For all the frames, the horizontal axis is the day number after the
1 January 2008. The vertical dashed black lines are the location of the oceanic fronts.

Along the leg, 38 radiosondes were released providing ver-
tical profiles of the Marine Atmospheric Boundary Layer
(MABL) in relation to ocean features. All the radiosondes
used were the Vaisälä RS92-SGP starting at 14 m above sea
surface reaching up to between 5000 m and 29 000 m, mea-
suring temperature, humidity, wind speed, wind direction and
pressure along a vertical profile following radiosonde ascen-
sion. Each sounding was calibrated using a ground-check
unit before launch. The soundings were released with prefer-
ence towards 12:00 UTC and 18:00 UTC. Some were also re-
leased irregularly; either at 00:00, 06:00, 12:00 or 18:00 UTC
when fronts or eddies were encountered. Additionally, two
diurnal cycles were sampled during two long stations (cf.
Speich and Dehairs, 2008) at a fixed location. The sound-
ing locations and times of release are presented in Table 2.
The sampling frequency for all sounding variables was 10 s
before 4 March 2008 and one second afterwards.

An interferometer, the M-AERI (Marine-Atmospheric
Emitted Radiance Interferometer) which measures infrared

spectra between 3–18 µm was sited on the starboard railing,
with clear fields of view of the sea surface and of the sky
overhead. Its measurement cycle includes two blackbody cal-
ibration views, as well as views of zenith, and±55◦, which
combined take approximately 10 min to complete. Spectra
collected from each view are used to calculate the air tem-
perature and sea surface skin temperature with very high ac-
curacy (deduced from the 7.7 and 14.1 µm channels). Dur-
ing times of snow, spray, or rain, the instrument is taped to
protect the sensitive electronics inside and to prevent against
degradation of the mirror surface.

The Sea Bird thermosalinograph bulk temperature was
used as the bulk SST measurement at 6 m depth with a sam-
pling rate of 1 min. The CTD data were used to control and
periodically calibrate the thermosalinograph.

The surface measurements for the entire cruise are pre-
sented in Fig. 2, while Figs. 3 and 4 present the potential tem-
perature/relative humidity vertical profiles and the vertical

Ocean Sci., 8, 1001–1023, 2012 www.ocean-sci.net/8/1001/2012/
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Fig. 3a.Vertical profile of potential temperature in◦C (bold line – upper horizontal axis) and relative humidity in % (dashed line – lower
horizontal axis) for the 38 radiosondes. For locations, dates and times see Table 2.(a) for RS1 to RS24;(b) for RS25 to RS38.

wind profiles, respectively, derived from all the radiosonde
releases.

A preliminary quality control was applied to all data on
board and a rigorous quality control on the measures was
then applied post-cruise to resolve a number of issues com-
mon to shipboard sampling of atmospheric and flux vari-
ables (instrument failures, superstructure influences, sam-
pling gaps, and rain effects).

Wind data required significant scrutiny. Ideally, the sen-
sors should be exposed to the air before it blows across the

decks and superstructure. Location on a tall enough foremast
is usually the best place. In order to have better accessibil-
ity for maintenance (which was an important issue with the
Southern ocean sprays), the sensors were located above the
wheelhouse. However, this location suffered from flow dis-
tortion from the foredeck, varying with relative wind direc-
tion. The Weatherpack anemometer was sited to the starboard
side of the center line. Winds reported on the ship’s sys-
tem were irregularly collected from a Gill sonic anemome-
ter located on the forward mast along the ship’s centerline

www.ocean-sci.net/8/1001/2012/ Ocean Sci., 8, 1001–1023, 2012
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Fig. 3b.Continued.

but permitted some intercomparison with the Weatherpack
anemometer. The measured speeds were accurate for most
of the southward track when winds were taken on the bow.
Other wind sensors on the ship, including an anemometer on
top of the main mast, and another sonic anemometer on the
cross-platform of the main mast, were not logged but were
considered in real-time to check the wind distortion effect.
Wind speed and direction are measured relatively to the ship
displacement and must be combined with the ship’s head-
ing, course and speed to derive the true wind vector. How-
ever, the flow distortion by the ship changes the wind speed
and direction by accelerating the wind around the obstacle
of the ship. Consequently, errors in wind speed and direction
measurement modify the true wind calculation and then the
bulk fluxes. The correction to the wind distortion is seldom
attempted but some single aerodynamic consideration and
wind speed/direction distortion tables can be used to mini-
mize the wind distortion errors. These tables indicate correc-
tions to bring to the measurement as a function of wind in-
tensity and incidence angle to the ship. All these approaches

enabled the reduction of errors induced by wind distortion on
the true wind measurement.

The Weatherpack air temperatures and M-AERI air tem-
perature time series generally agreed in magnitude and tim-
ing, even if superstructural heating during low wind/high in-
solation periods introduced heat plumes into the Weather-
pack air temperature data. Turbulent eddies and other flow
distortions, such as wind acceleration over the edge of the
passerelle and shadowing by the ship’s mast also influenced
air temperature and wind. These rapid fluctuations are obvi-
ous in both air temperature and wind time series for the sev-
eral sampling units. Correlations were performed between
data units to isolate lags and M-AERI air temperature data
were used as reference to define heat plume events in the
Weatherpack.

Bulk sea temperatures from the ship’s thermosalinograph
had also undergone an intercomparison with the Expendable
Bathy Thermograph and CTD data collected at 6 m depth.
Once the validity of the thermosalinograph temperature time

Ocean Sci., 8, 1001–1023, 2012 www.ocean-sci.net/8/1001/2012/
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Fig. 4a.Vertical profile of wind speed in m s−1 (bold line – lower horizontal axis) and wind direction in deg (dashed line – upper horizontal
axis) for the 38 radiosondes. For locations, dates and times see Table 2.(a) for RS1 to RS24;(b) for RS25 to RS38.

series was ensured, skin-bulk temperature analyses were un-
dertaken with the M-AERI data.

Radiation measured by the gimbaled Eppleys on the
Weatherpack were checked to remove only main mast
shadow events (and not cloud signatures) from the data.
Comparison with the ship’s plate-mounted pyranometer on
the second forward mast provided another data control.

Eventually, the surface turbulent heat fluxes deduced from
the in-situ observations were computed using COARE “bulk

flux” algorithm (Fairall et al., 2003) (see Figs. 2, 6, 8). The
turbulent heat flux (THF) is the sum of the sensible heat
flux (SHF) and the latent heat flux (LHF). The in-situ so-
lar radiation and net longwave radiation at the surface are
also presented with the net heat flux at the surface. Addition-
ally, the stability parameterζ = z/L is also derived from the
COARE algorithm (Fairall et al., 2003). It is used to high-
light the stability of the lower atmospheric boundary layer.
L is the Obukhov length andz is altitude (generally taken at
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Fig. 4b.Continued.

10 m height). Negative stability parameter implies statically
unstable surface layer, positive implies statically stable sur-
face layer. Theζ magnitude must not be considered. Note
that the Obukhov length (L) is a scaling parameter related to
the turbulent kinetic energy of the lower atmospheric bound-
ary layer.L is proportional to the height above the surface
at which buoyant factors dominate over mechanical (shear)
production of turbulence (Stull, 1988).

Note that the cruise started on the 13 February but the at-
mospheric measurements started the 16 February.

4 MABL stability over the SAF (anticyclonic eddy )

From the 26 February (day 57) at 20:32 UTC to 28 Febru-
ary (day 59) at 10:00, the ship stayed at a fixed location
(42.47◦ S/8◦93′ E). It was located south of the S eddy and
north of the SAF and the M eddy (see Sect. 2). During that
period, four radiosondes (from rs8 to rs11- see Table 2) were
released. The synoptic situation is illustrated in Figs. 5a–d
with the eastward displacement of a low pressure system. Its

northern part was located over the ship the 27 February be-
fore noon. Significant in-situ wind speed increase as well as
a direction change from northwesterly to southwesterly were
thus observed before noon (Figs. 6b and 5b, c). The relative
humidity and air temperature significantly decreased accord-
ingly with the advection of the Antarctic cold and dry air (due
to the southwesterly wind) while during the 26 February, the
relative humidity and air temperature were relatively high
due to the advection of the subtropical air mass associated
with the northerly wind.

During this long station, the air temperature was initially
higher than the SST until 14:00 UTC (Fig. 6a) the 27 Febru-
ary (day 58). Due to the advection of warm and humid
air from the north, the turbulent heat fluxes remained weak
and did not tend to destabilize the MABL. The rs8 profile
(Fig. 7) thus exhibits a stable boundary layer (SBL) on early
27 February (00:00 UTC), also known as a classical noctur-
nal boundary layer (NBL). Note that these stable conditions
persisted from the 26 February (profiles rs6 at 12:00 UTC
and rs7 at 18:00 UTC – Fig. 3). The SBL is thus more a result

Ocean Sci., 8, 1001–1023, 2012 www.ocean-sci.net/8/1001/2012/



C. Messager et al.: Marine atmospheric boundary layer over some Southern Ocean fronts 1011

Fig. 5. Synoptic situation from the 27 February to the 29 February 2008, before, during and after the ship crossed the SAF (from ECMWF
ERA interim reanalysis). Colored background is the medium sea level pressure; light blue isolines are streamlines at 10 m height. Wind barbs
(in knots) are overlaid. Black points indicate the ship location. Brown line is the South African coastline.
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Fig. 6. Time series for(a) relative humidity (dashed black curve; left vertical axis), SST and air temperature (black and grey curves re-
spectively; right vertical axis);(b) wind speed and direction (black and grey lines respectively), left vertical axis is wind speed and right
vertical axe is direction;(c) sensible and latent heat fluxes (grey and black curves respectively);(d) stability parameter at ten meters height,
ζ10 = 10/L, L is the Obukhov length;ζ positive for stable conditions,ζ negative for unstable conditions. For all the frames, the horizontal
axis is the day number after the 1 January 2008. The vertical dashed black lines are the location of the oceanic fronts. The location of the
RS12, RS13, RS14 releases is stated.
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of the synoptic situation rather than a classical NBL because
of the northwesterly flow that enhanced the MABL stratifi-
cation by advecting warmer air than the SST. The SBL per-
sisted for the rs8 (00:00 UTC) sounding, however, a mixed
layer then appeared aloft the stable layer for the rs9 sound-
ing (06:00 UTC) according to the low pressure displacement
towards the ship (see Fig. 5). This mixed layer (also known
as residual layer – RL) is the result of a vertical mixing
mainly enabled by the turbulent kinetic energy (TKE) asso-
ciated with the vertical wind shear (see Fig. 7).

At 12:00 UTC (rs10) and 18:00 UTC (rs11) the 27 Febru-
ary, the SBL disappeared, then a mixed layer from the sur-
face with a residual layer aloft appeared. That occurred ac-
cordingly with the wind direction shift and thus the advection
of air mass from the southwest. As soon as the wind passed
from a northerly meridional component to a southerly one,
the air temperature decreased (as well as humidity) and the
air sea gradient (Fig. 6a) was then inverted after noon, trig-
gering an increase of the THF (Fig. 6b, c) and thus favouring
the turbulent mixing of the lower part of the MABL; the sta-
bility parameter Fig. 6d also moved from positive (stable) to
negative (unstable).

Finally, the MABL was stabilized by the northwesterly
warm and wet air advection before the low pressure sys-
tem arrival and then, the MABL was destabilized (from
12:00 UTC, 27 February, see alsoζ sign in Fig. 6d) by the
dynamics and the change in the air advection. The synoptic
system triggered a dynamic mixing at the MABL top while
the cool surface air advection enhanced the heat release at
the base of the MABL, inducing a thermal vertical mixing.
As a result, a deepening of the mixed layer (up to 900 hPa)
was observed.

The SAF was actually crossed between the 28 (day 59) and
29 (day 60) February. The SST time series (Fig. 2) did not ex-
hibit an abrupt decrease as expected for this front because of
the presence of the two warm oceanic eddies encountered at
this location (see Sect. 2 and Arhan et al., 2011). The S eddy
(located from 40.6◦ S to 42.5◦ S) presented a weak surface
SST signature, except over its southern part, where the SST
increased of 1◦C between the early 28 February and the mid
morning (Fig. 6a). The SST time series then presented a min-
imum at 10.7◦C and raised up by 3◦C directly afterwards,
corresponding to the northern part of the M eddy (located
from 42.7◦ S to 44◦ S) which had a clear SST surface signa-
ture. The SST within the M eddy core reached nearly 14◦C
before the abrupt decrease of 4◦C (29 February morning)
when the ship sailed out from the eddy. The air temperature
decreased between the two eddies from the 27 February and
then increased the 28 February. It must be noted that there
is an abrupt air temperature decrease while the SST stayed
nearly at 14◦C. After noon, the 28 February (day 59), the ob-
served wind direction changed from 290◦ to 250◦ (Fig. 6b).
Consequently, cold air was advected from the southwest, ex-
plaining the air temperature decrease. Note that this wind di-
rection variation does not appear in the ECMWF ERA re-

analysis product (Fig. 5f, g) since the wind direction change
occurred between two reanalysis cycles (between 12:00 UTC
and 18:00 UTC). It must be also noted that once this south-
westerly wind event was ended, the air temperature increased
anew when the ship reached the southern M eddy border and
then decreased again as the extreme southern part of the SAF.

No synoptic information can explain this wind direction
change. O’Neill et al. (2010) suggested that the wind direc-
tion is sensitive to an SST front as well as the wind speed.
The 140 km diameter and location of the M eddy let con-
sider it as a part of the SAF (see Arhan et al., 2011). O’Neill
et al. (2010) suggested that the surface winds turn anticy-
clonically when surface wind flows from cool to warm SST.
This anticyclonic wind direction rotation was actually ob-
served and its maximum was located at the eddy centre. This
wind direction rotation turned back afterwards and was then
less marked until the southern eddy border, to reach again the
same wind direction observed outside the eddy.

Figure 6a also illustrates that the SST anomaly of the two
eddies had influence on the turbulent heat fluxes (as well as
on the net heat fluxes – Fig. 2c) at the ocean surface. Note
that the S eddy exhibited a slight increase of the turbulent
heat flux while the M eddy released more than twice the tur-
bulent heat flux released by the S eddy. Figure 6a reveals the
well-defined SST anomaly between the 28 February (day 59)
and the 29 February (day 60), exactly above the location of
eddy M (see Arhan et al., 2011). At this location the air-sea
temperature gradient was inverted compared to outside the
eddy, and induced a positive SHF of 15 W m−2 on average
(reaching up to 25 W m−2) from the ocean to the atmosphere.
In the same latitude interval, the LHF also presents a high
average value of 180 W m−2 (reaching up to 247 W m−2),
strongly contrasting with those outside the eddy. The net heat
fluxes released to the atmosphere by the M eddy thus reached
up to 300 W m−2. The negative stability parameter over the
M eddy (Fig. 6d) indicates the instability of the lower at-
mosphere generated by the air-sea temperature gradient and
illustrated by the peak of turbulent heat fluxes towards the
atmosphere over the M eddy.

As eddies were crossed during nighttime, the incoming
solar radiations were insignificant and the net heat flux at
the ocean surface was mainly due to the surface turbulent
heat fluxes (SHF and LHF). Consequently, over this region,
it is evident that the mesoscale oceanic turbulences (here as a
form of eddies) significantly increased the release of heat in
the atmosphere mainly via the LHF.

Three atmospheric soundings were performed above the
SAF, from 28 to 29 February (rs12, rs13, rs14) hence above
the M eddy. The first one was released at the northern border
of the eddy, the second in the middle of the core, while the
third one was released beyond the southern side of the eddy
(where the SAF was actually overtaken). The rs12 sounding
performed the 28 February at 12:00 UTC exhibits a poorly
mixed but stable layer (Fig. 7). Figure 6 shows that the air
temperature was 12.1◦C and SST was 10.7◦C at 12:00 UTC.
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Fig. 7.Left column: Vertical profile of potential temperature in◦C (bold line – upper horizontal axis) and relative humidity in % (dashed line
– lower horizontal axis) for the rs8 to rs14 radiosondes. Right column: Vertical profile of wind speed in m s−1 (bold line – lower horizontal
axis) and wind direction in deg (dashed line – upper horizontal axis) for the rs8 to rs14 radiosondes. For locations, dates and times see
Table 2.
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Such an air-sea temperature gradient tends to cut off the ver-
tical heat flux from ocean to atmosphere (the turbulent heat
flux was low: 23.4 W m−2) and to stabilize the low atmo-
sphere (see also the positive stability parameter at the rs12
location, Fig. 6d).

The rs13 radiosonde was released above the M eddy core
at 19:55 UTC, separated by 70 km to the rs12 radiosonde.
There is evidence of a mixed atmospheric boundary layer
(up to 900 hPa) with a cloud layer aloft (where Rh reached
100 %) between 850 hPa and 900 hPa. The observed insta-
bility (see also instability parameter value Fig. 6d) from the
surface was associated with the higher SST in the eddy core.
Compared to rs12, the air-sea temperature gradient was in-
verted (air temperature: 12◦C, SST: 13.62◦C – twice as the
gradient observed outside the eddy). That induced a peak
in the turbulent heat flux (274 W m−2) (Fig. 6c) which re-
leased an important amount of heat at the base of the atmo-
spheric boundary layer, inducing the vertical instability. This
process is stopped by an inversion layer where condensation
occurred, with the presence of clouds.

The rs14 atmospheric sounding was performed when the
ship crossed the southern border of the M eddy as well as
beyond the SAF. The vertical profile (Fig. 7) exhibits a sta-
ble boundary layer (as for rs12) from surface to 950 hPa with
a nearly neutral layer aloft up to 900 hPa. From 850 hPa to
900 hPa a residual layer appears. At this time, the meridional
wind component was again mainly northerly, then the warm
and moist air arrived over the colder sea surface induced a
stabilization of the lower MABL (the stability parameter ac-
tually passed from negative to positive).

5 Synoptic control of the MABL variability over the
STF front

The STF appeared as a strong SST gradient of−4◦C per
100 km observed around midday the 23 February (day 54)
(Fig. 8a). The ship crossed the STF between the 23 (day 54)
and 24 February (day 55) and the wind speed increased ac-
cordingly (+6 m s−1; Fig. 8b). Figures 8a, b suggest that the
oceanic fronts seem associated with the changes in the low
atmospheric dynamics by influencing winds, however, these
changes in the wind magnitude can be explained by coinci-
dent synoptic weather variability. Figure 9 presents the syn-
optic situation in the ECMWF ERA interim reanalysis. A low
pressure system located to the northeast of the ship and cen-
tred on the Cape Basin deepened during these days and in-
duced a wind speed increase. This latter was strengthened by
the eastward displacement of a high pressure system, which
was located to the south along 43◦ S. For these reasons, the
wind increased uniformly over a larger area than the STF
area only (Fig. 9b). Note that the wind stayed mainly south-
easterly and advected cold and dry air mass over the front
(seeRh on Fig. 8a). Consequently, a “strong breeze” wind
blew from a cold SST to a warm SST. The MABL response

Fig. 8.Same as Fig. 6 but for days 54 to 56.
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Fig. 9. Synoptic situation when the ship crossed the STF (from ECMWF ERA interim reanalysis). Colored background is the medium sea
level pressure, light blue isolines are streamlines at 10 m height. Wind barbs (in knots) are overlaid. Black points indicate the rs1 and rs2
release locations. Brown line is the South African coastline.

Fig. 10.Same as Fig. 7 but for the rs1 and rs2 radiosoundings.

to an ocean front with a strong wind aloft has been already
described by Song et al. (2006) and Spall (2007). The in-
crease of turbulent heat fluxes downwind combined to the
wind shear tended to destabilize and mix the BL. A deepen-
ing of the BL is thus expected downwind of the front (over
the warmer SST) due to a change in the momentum bal-
ance between upwind and downwind to the front. Two at-
mospheric radiosondes were released in the vicinity of the
STF the 23 and 24 February (rs1 and rs2 respectively). The
rs1 was released when the ship was within the STF, while the
rs2 was released at the south of the STF. At the rs1 and rs2
locations, the low MABL was unstable (see Fig. 8d, stability
parameter, and Fig. 10). However, the rs2 boundary layer was
not as deep as the rs1 and the latter revealed a shallow unsta-
ble internal mixed layer bounded by a cloud layer at 900 hPa

with a residual layer aloft, whereas the rs2 profile did not
exhibit saturation within the BL. The low-level cloud layer
observed for the rs1 profile could be associated with the in-
crease of latent heat flux release (Fig. 8c) induced by the cold
and dry air advection over warm water. These differences in
the MABL height and structure upwind and downwind of
the STF are in agreement with previous observations over in-
tensive frontal regions as described by Spall (2007) when a
cold flow (here northwards) crosses an SST front from cold
(here located south of the front) side to warm side (here lo-
cated north of the front). The BGH observation illustrates the
expected changes in the MABL profile observed north and
south of the STF as previously observed for other oceanic
region (Gulf Stream, Kuroshio). That complements previous
observations conducted within the Agulhas region, relative
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to the moisture uptake (Lee-Thorp et al., 1999) and to the
MABL change (Jury and Walker, 1988; De Mey et al., 1990;
Jury, 1994) observed leeward the Agulhas retroflexion, while
the BGH cruise STF observations were conducted windward
the Agulhas retroflexion.

Note that the rs1 profile was likely not totally mixed at
16:21 UTC because the SST exceeded the air temperature by
2◦C. That induced an upward heat flux (Fig. 8a, c) which
destabilized the shallow boundary layer. This is sustained by
the air flowing from cold to warm water. Figure 8a, b indeed
shows a surface wind of more than 12 m s−1/from roughly
140◦ which advected cold and dry air from the south. The
humidity component straightened the upward heat flux since
the incoming wind was dry and reached a warm SST region
with a high potential evaporation. The evaporation was then
enhanced corresponding to an observed LHF increase. Note
that the rs2 profile has been recorded in a similar synoptic
condition (Fig. 9c).

6 Diurnal cycle

Figure 2c exhibits a diurnal cycle of the net heat flux at the
surface driven by the solar radiation cycle. The turbulent heat
fluxes do not follow this cycle and are more related to the
air-sea temperature gradient and the relative humidity. The
air-sea temperature gradient itself depends on the ocean dy-
namics (producing SST anomalies or not) and on the atmo-
spheric synoptic situation which also drives the humidity ad-
vection that influence the potential evaporation (see Sect. 5).
The signature of a diurnal cycle within the MABL is thus
questionable. Over the SO region, the role of the diurnal cy-
cle in the vertical MABL mixing is not well-documented,
particularly when turbulent heat fluxes (influencing the ther-
mal mixing from the base of the MABL) can vary consider-
ably with synoptic wind variability, which could itself pro-
duce mixing because of the vertical shear. When considering
the net heat flux balance (Fig. 5), one can note that the heat
loss from ocean to atmosphere occurred mainly during the
night (through turbulent processes), while the gain of heat for
the ocean occurred during the day when incoming solar radi-
ation is maximal, even if the shortwave radiation decreased
as the ship moved southwards towards the pole. That sug-
gests a diurnal cycle of the mixing of the low MABL since
the turbulent heat fluxes participate in this mixing. However,
even if this diurnal cycle is suspected in the vertical mixing,
the modulation by the synoptic wind does not let a support
for a dominant role of this diurnal cycle in the vertical mix-
ing.

For instance, two atmospheric diurnal cycles were sam-
pled with some radiosonde releases when long CTD station
occurred during the cruise. The first diurnal cycle sampling
was performed from the 26 February to 27 February (pre-
viously evocated in the Sect. 4). This sampling, performed
north of the SAF and south of the STF, did not bring evi-

dence of a diurnal cycle effect in the vertical mixing. The
latter was actually dominated by the synoptic advection vari-
ability during this day.

The second diurnal cycle sampling was performed the 10–
11 March (day 70 at 12:00 UTC to day 71 at 06:00 UTC),
with the release of four radiosondes (rs23 to rs26; see Ta-
ble 2) between the PF and the SACCF. Figure 11 illustrates
a succession of two synoptic low pressure systems located
south of the ship with an eastwards displacement. The south-
westerly winds measured during the first cycle persisted un-
til 10 March 12:00 UTC (Fig. 11a, b, c). During the late
10 March afternoon, the second low pressure system (centred
closer to the ship compared to the first one) produced west-
erly wind at 18:00 UTC then northwesterly until 11 March,
00:00 UTC, as well as a wind speed increase (Fig. 11d, e, f).

The rs23 sounding (day 70 at 12:00 UTC) presented an
unstable low MABL with a mixed layer aloft (Fig. 12). This
mixed layer was composed by a subcloud layer and a cloud
layer aloft (up to 875 hPa). The rs24 (day 78 at 18:00 UTC)
presented a similar profile excepting a decrease of the to-
tal BL height. The wind measured at the surface by the ra-
diosondes rs24 (day 70 at 18:00 UTC) and the rs25 (day 71 at
00:00 UTC) did not exceed 15 m s−1, however, for the rs25,
a strong wind was measured in the lower part of the bound-
ary layer (>25 m s−1). This was related to the northern part
of the strong gale passing over the ship before 22:30 UTC
(Figs. 11 and 12).

The rs25 profile (day 71 – 00:00 UTC) exhibited a very
shallow subcloud stable profile (NBL) with a deep cloud
layer aloft (illustrated by the humidity saturation up to
650 hPa height). This is the result of the moist and warm
northwesterly flux (Figs. 11, 12).

The rs26 sonde (day 71 at 06:00 UTC) was released when
the low pressure system was centred to the southeast of the
ship (Fig. 11f) with westerly wind. A shallow subcloud sta-
ble layer with a well-mixed cloud layer aloft (shallower than
the one observed in the rs25) composed the BL. The MABL
then presented an NBL and an unstable BL during afternoon,
which is the classical component of a BL diurnal cycle mix-
ing. However, this characteristic is the result of the occur-
rence of two synoptic systems rather than to a MABL diurnal
variability associated with the radiation cycles.

7 Discussion

Numerous synoptic systems crossed the ship track each time
the oceanic fronts were sampled. Consequently, at event or
daily scale, it has been difficult to exhibit a direct front ef-
fect on the low level wind dynamics as suggested mainly
over midlatitudes, subtropical and tropical regions or within
the Agulhas current system by Xie et al. (1998), Chelton et
al. (2001, 2004), O’Neill et al. (2003, 2005), Tokinaga et
al. (2005), Song et al. (2006) or Chelton and Xie (2010).
Note that in these previous studies, the timescale considered
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Fig. 11.Synoptic situation during the 10 and 11 March (from ECMWF ERA interim reanalysis). Colored background is the medium sea level
pressure, isolines are SST (contour interval is 1◦C). Wind barbs (in knots) are overlaid. Black points indicate the ship location (42.5◦ S/9◦ E).

for the air-sea interaction was mainly longer than a week or
more, precisely to remove high frequency variability. How-
ever, on can consider that the M eddy is a part of the SAF
front since it is a location where mesoscale eddy are gen-
erated from a meandering of the front. Consequently, one
can say that the M eddy and the SAF front exhibited a di-
rect effect on the MABL. A similar Agulhas eddy (centred at
∼42◦ S–20◦ E) was sampled in June–July 1993 (Rouault and
Lutjeharms, 2000). This latter released 500 W m−2 of latent
heat fluxes and 350 W m−2 of sensible heat flux compared
to the 250 W m−2 of the M eddy turbulent heat fluxes. The

1993 eddy had somewhat the same origins as eddy M, but
was likely younger, which explains the huge difference in
terms of heat flux measured for these two eddies. It had a
surface temperature up to∼17◦C and a 250 m-thick mixed
layer, whereas eddy M had surface temperatures slightly be-
low 14◦C, and a∼50 m summer mixed layer. The direct and
derived atmospheric measurements above the M eddy pre-
sented in this paper enabled the description of some thermo-
dynamic effects of the M eddy on the vertical atmosphere
aloft (see Sect. 4). The warm SST anomaly of the eddy
core induced a vertical destabilization of the atmosphere by

Ocean Sci., 8, 1001–1023, 2012 www.ocean-sci.net/8/1001/2012/



C. Messager et al.: Marine atmospheric boundary layer over some Southern Ocean fronts 1019

Fig. 12.Same as Fig. 7 but for the rs23 to rs26 radiosoundings. The two additional frames present the wind speed and direction as well as
the stability parameter as stated in Fig. 6.

increasing the vertical turbulent heat transfer from the ocean
to the atmosphere (when the air temperature is lower than
the SST). This transfer is mainly driven by the latent heat
flux rather than the sensible heat flux. This latter is roughly
five times less efficient than the former (see Fig. 16 in Arhan

et al., 2011) because of the lower relative humidity above the
eddy centre (Fig. 6a) due mainly to the southwesterly wind
rotation during the measurement.

The modulation of the turbulent heat fluxes by the syn-
optic systems has been underlined in Sects. 4, 5, 6 with the
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in-situ data recorded. The wind direction changes induced
some changes in the characteristic of the air masses advected
in terms of temperature and humidity, which directly control
the surface heat flux variability that participate to the mix-
ing of the low MABL. Figure 2b illustrates that, north of the
STF, the mean wind intensity was low (6.3 m s−1) and direc-
tion was variable until the 26 February (day 57). From this
date, and south of the STF until the end of the leg at 57.3◦ S,
the ship sailed in the roaring forties and beyond. The mean
wind intensity then became 13.3 m s−1 with a mean wind di-
rection of 269.4◦. The wind remained mainly westerly with
some variation between northwesterly and southwesterly ac-
cording to the eastwards displacement of the synoptic atmo-
spheric features. The northerly or southerly meridional wind
component is the main factor of the wind modulation on
the turbulent heat fluxes: the southwards (northwards) wind
brought subtropical warm and moist (polar cold and dry) air
over colder (warmer) SST which considerably inhibits (en-
hances) the turbulent heat fluxes magnitude.

The MABL vertical mixing (induced by turbulence) is
governed by both the vertical wind shear and the surface heat
fluxes. The bulk Richardson number (Rib) can be useful to
identify which is the most efficient in the vertical turbulent
mixing. It is the ratio of thermal (convective static stabil-
ity) to mechanical (production/destruction) of turbulent ki-
netic energy. For instance, the rs1 profile above the STF per-
formed during the supposed higher convective activity pe-
riod at 16:21 UTC, exhibited an unstable profile with a large
negativeRib (−6.7) as well as a negative stability parameter
(not shown). That indicated that the flow at the surface was
mainly turbulent and unstable due to buoyancy and thermal
effect rather than to a shear effect. The turbulent heat flux was
enhanced by the southeasterly wind (weak for this region)
with dry and cold air. This southeasterly wind thus destabi-
lized the BL by enhanced the ocean to atmosphere flux. This
is in agreement with the previous works about a cold and dry
air mass destabilizing the BL at the front warm side when the
wind flow is nearly perpendicular to the front (e.g., O’Neill
et al., 2010). The opposite situation also occurred (rs11) for
a neutral case where the boundary layer was well-mixed and
with a large positiveRib (+20), indicating that the turbu-
lent mixing was mainly driven by the wind shear rather than
by the buoyancy. That illustrates that, over these regions, the
wind can directly inhibit or enhance the vertical mixing by
the vertical shear profile.

It is also remarkable to classify the soundings in two cat-
egories whatever their geographical locations. The first one
contains the soundings for which the SST exceeds the tem-
perature of the air aloft (rs1, rs2, rs3, rs4, rs5, rs13, rs15, rs16,
rs22, rs23, rs36) and the soundings for which the air temper-
ature exceeds the SST (rs7, rs8, rs9, rs14, rs17, rs31, rs32)
(refer to Fig. 2). It is not surprising that, for the former cate-
gory, the MABL presents an unstable vertical profile covered
by an inversion, mostly around 800 hPa (±50 hPa) (Fig. 3)
and, for the latter category the MABL presents a near sta-

ble profile which indicates that the vertical mixing is inhib-
ited or completed with a significant vertical extend. But as
mentioned before, the air-sea temperature gradient is mainly
controlled by the wind direction associated with the synoptic
system displacements.

8 Conclusions

The Southern Hemisphere south of South Africa has re-
ceived little attention in regard to air-sea interaction, most
likely due to paucity of measurements associated with harsh
weather conditions. The measurements performed during the
BONUS-GOODHOPE 2008 cruise provided a continuous
sampling of the atmospheric state close to the ocean surface
(from 34.4◦ S/15.9◦ E to 57.55◦ S/00◦ E) as well as vertical
samplings of the atmosphere where the radiosondes were
released regularly and/or over remarkable oceanic features
(fronts, eddies). Additionally, the in-situ atmospheric data
permitted a derivation of the turbulent heat flux and the heat
balance at the surface by also considering the measured radi-
ation terms. To the author’s knowledge, it is the first time that
such atmospheric measurements have been conducted along
this north–south track that crossed major oceanic fronts from
South Africa to 57◦ S.

The joint analysis of this in-situ dataset and the ECMWF
reanalysis for the determination of the synoptic conditions
leads to the following conclusions:

– The STF, SAF and PF fronts encountered during the
cruise exhibited some sharp SST gradients and it has
been shown that the MABL vertical structure is subject
to significant variability, especially over the warm side
of the SST fronts with stabilization or destabilization
according to the synoptic systems’ eastward displace-
ments.

– The thermal mixing processes occurred from the surface
by the turbulent heat fluxes transfers, while the mechan-
ical processes due to wind shear were able to mix within
the entire BL. However, the former process was also
partly controlled by the dynamics. It has been shown
that, south of the STF, the meridional component of the
wind drove the stability variability of the MABL by an
enhancement or an inhibition of the surface thermal pro-
cesses and the wind shear. Since the SST gradient and
the sharp SST front were North–South organized, and
since the zonal wind component was mainly westerly:
(i) a northerly meridional wind component induced a
stabilization of the MABL over the warm side of the
front and, (ii) a southerly meridional wind component
induced a destabilization of the MABL over the warm
side of the front

– The direct impact of the warm eddy on the MABL
has been shown in terms of thermodynamic effects
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mainly through the turbulent heat fluxes. Some dynam-
ics effects were suspected (anticyclonic wind direction
change above the eddy centre – the warmer SST) but a
higher spatial resolution sampling is required to demon-
strate this actual effect of the eddy. The lack of infor-
mation about the synoptic situation at the exact time
of measurements complicates the analysis and does not
permit to discriminate whether or not the eddy impacts
mainly the atmospheric surface dynamics aloft. More-
over, the mesoscale oceanic turbulence (here as a form
of eddies) significantly increases the release of heat in
the atmosphere mainly via the LHF, particularly during
the night.

– The diurnal cycle was not marked enough to represent
an important cause of the MABL vertical mixing vari-
ability.

Finally, the wind changes (associated with the east-
ward displacement of synoptic features) induced northerly
(southerly) advection of warm (cold) and moist (dry) air
above colder (warmer) oceanic regions with a high SST gra-
dient. The result was a decrease (increase) of the turbulent
heat flux above these SST discontinuities, stabilizing (desta-
bilizing) the MABL just above. Additionally, according to
the vertical wind shear profile and the wind intensity, these
processes can be enhanced or inhibited.

One can note that during that summer, the latent heat flux
was mainly released from ocean to atmosphere. The ocean
mainly lost heat through evaporative turbulent processes,
which are highly dependent on wind velocity. However, it
cannot be concluded that the phenomena is amplified during
the winter season. Walker and De Mey (1988) indeed showed
that turbulent heat flux displays little seasonality over the Ag-
ulhas retroflexion region. The main reason is persistent west-
erly and southwesterly wind flow throughout the year which
ensures that cold/dry air repeatedly forces loss of ocean heat.
As a consequence, once an SST anomaly is identified and
persistent, investigating the frequencies, the intensities and
particularly the meridional wind component occurrences can
bring relevant information for quantifying the loss of ocean
heat from South African continent to the ACC.

The dataset recorded during the BGH cruise also present
interest for other studies (atmospheric reanalysis assessment,
air-sea processes over the Southern Ocean, etc.) and has
been used to validate two satellite datasets: the twice-daily
QuikSCAT winds and the daily OAflux dataset of latent and
sensible heat fluxes, as well as numerical weather forecasts
performed during the cruise with the WRF model over the
Southern Ocean (Messager and Faure, 2012).
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