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The air-sea impact of a warm cored eddy ejected from the Agulhas Retroflection region south of Africa was assessed through both
ocean and atmospheric profiling measurements during the austral summer. The presence of the eddy causes dramatic atmospheric
boundary layer deepening, exceeding what was measured previously over such a feature in the region. This deepening seems mainly
due to the turbulent heat flux anomaly above the warm eddy inducing extensive deep and persistent changes in the atmospheric
boundary layer thermodynamics. The loss of heat by turbulent processes suggests that this kind of oceanic feature is an important

and persistent source of heat for the atmosphere.

1. Introduction

The Agulhas Current is considered the strongest western
boundary current globally. The impact of this current on
climate, regional weather, and marine ecosystem has been
previously described in Jury [1], Rouault and Lutjeharms
[2], and Lutjeharms [3]. This powerful current produces
meanders, which eject many persistent eddies in the Agulhas
Retroflection and Cape Basin regions. Some eddies translate
westward into the south Atlantic Ocean [4, 5], while others
remain in the vicinity of the Agulhas Retroflection before
moving eastward or being reabsorbed by the Agulhas Return
Current [3]. These eddies are numerous in this region. For
instance, 102 Agulhas Rings were detected and tracked from
the period of October 1992 to December 2006 [6].

The role of the Agulhas system was also underlined as
a potential climate feedback mechanism trigger [7] while
the influence of the El Nino Southern Oscillation (negative
phase) is suggested in the recirculation region of the Agulhas
Current, for instance, south of Madagascar [8]. However, the
direct relationship between the synoptic and climatic events

and the mesoscale ocean and atmospheric anomalies induced
by Agulhas eddies is not already highlighted.

Eddies, fronts, and filaments associated with the Agulhas
Current are spatially extensive and numerous with sharp
horizontal sea surface temperature (SST) gradients. These
discontinuities strongly impact the air-sea thermodynamics
exchanges locally and regionally. A number of papers have
dealt with the influence of SST fronts [9-11]; however eddies
can also have large effects on the marine atmospheric bound-
ary layer [2, 12, 13].

During the period from 13 February 2008 to 24 March
2008, the BONUS-GoodHope cruise transected the Southern
Ocean, while sampling both the physical structure of the
ocean and atmosphere. During the return leg of the cruise
a warm core eddy originating from the Agulhas Retroflec-
tion region was crossed and sampled with nine Expend-
able Bathythermograph Temperature (XBT) probes and five
atmospheric radiosoundings on 21 March 2008 (Figure 1).

This paper describes a full section of a warm ocean
eddy ejected by the Agulhas Retroflection by means of both
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FIGURE 1: Operational ECMWF archive (forecast with a delayed
cutoff) at 09H UTC, 21 March 2008. Wind barbs, pressure field
with blue contours, BL height with black contours (from 1800 m
to 2000 m height only), and SST as colored background. Triangles
represent radiosounding releases.

ocean (surface to ~800 m depth) and atmosphere (surface to
600 hPa) measurements.

2. Data and Methods

On 21 March, a series of nine Sippican Deep Blue XBTs
were deployed across the eddy feature with an average spatial
resolution of 27 km. All XBTs reached a maximum working
depth of ~800m with a sampling resolution of 2m. Fine
weather conditions meant that no surface or subsurface
sensor spiking was recorded during the deployments.

Over the same period, five radiosondes were released
every ~2 hours with a horizontal spatial resolution between
51km and 59 km. The radiosonde sampling frequency was 1
second.

Figure 2(b) presents Maps of Absolute Dynamic Topog-
raphy as well as locations of XBTs and radiosondes releases.

An ocean-atmosphere cross section is provided in Fig-
ure 3. The standard meteorological data recorded onboard the
ship has been used to compute the air-sea heat fluxes using the
COARE [14] algorithm and are presented in Figure 4.

Additionally, large scale and 0.25° x 0.25° gridded prod-
ucts from the Operational ECMWEF Archive (forecast with a
delayed cutoff) provide pressure field, BL height, Convective
Available Potential Energy (CAPE), and SST used in the
archive.

3. Eddy Origin and Characterization

Analysis of AVISO Maps of Absolute Dynamic Topography
(MADT) data in a series of plotted “snapshots” (Figures
2(a) and 2(c)) are used to identify the true origin and
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horizontal extent of the warm core anticyclonic eddy. A
preexisting positive anomaly can be seen clearly merging with
the southern extent of the Agulhas Retroflection and Agulhas
Return Current during late February 2008 (Figure 2(a)). This
merging event results in an intense southwestern extension of
the Agulhas Return Current to ~44°S, towards the middle of
March 2008, which spawns a warm eddy (centered at 42.5°S;
21.5°E) around 19 March 2008 (Figure 2(a)). The eddy was
sampled on 21 March 2008 (Figure 2(b)), just a few days
after it was observed separating from the Agulhas Return
Current. Using the XBT data the eddy core was located at
approximately 42.3°S. The XBT cross section shows eddy
core temperatures of ~21°C which are ~5°C higher than the
immediate surrounding waters and emphasizes the intensity
of this anomalous feature in the region. Its young age is
also captured by the temperature cross section (Figure 3),
which shows that the eddy has not yet undergone extensive
convective overturning in the upper layers of the water
column. In older eddies, this overturning can homogenize
eddy core temperatures from the surface to beyond 800 m
depth (e.g., [15]). In this case, a strong thermocline is still
visible at ~100 m overlying characteristic bowed isotherms
at this depth. The temperature structure of the eddy extends
beyond the maximum measured depth (800 m) of the XBT
probes, with its subsurface core located at 42.5°S. The eddy’s
axial center was offset towards the north in the upper layer
where higher heat content was recorded in comparison to the
deeper layers beyond 500 m.

Following sampling on 21 March, the eddy moved south-
westwards (Figure 2(c)) to the southern location of the
Agulhas Retroflection before moving northeastwards where
it was reabsorbed by the Agulhas Return Current around 6
August 2008. The eddy’s lifespan exceeded 4 months during
which the AMSR-E data exhibited a gradual decrease of the
eddy SST signal likely due to heat loss at the surface and by
mixing processes.

4. Atmospheric Eddy Influences

4.1. Synoptic Situation. Sampling over the eddy commenced
to the east of a saddle point between four atmospheric
systems yielding moderate to strong west to northwesterly
winds (Figure 1). The four atmospheric systems exhibited
on the surface pressure field included two cyclones located
to the north (1010 hPa) and the south (978 hPa) and two
anticyclones to the east (1025hPa) and the west (1023 hPa).
The wind over the area and during the sampling (from 04h53
to 13h43 UTC) remained mostly westerly with minor wind
direction and intensity variations.

4.2. Sea Surface Observations. Several measured and derived
variables at the ocean-atmosphere interface are shown in
Figure 4.

The SST curve in Figure 4 clearly marks the Agulhas
Ring’s southern edge where an abrupt increase of SST from
175°C to 22°C is observed between 43.2°S and 41°S. At the
northern edge of the eddy the sharp SST gradient occurs
over a shorter distance, which may be explained by the close
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FIGURE 2: Maps of Absolute Dynamic Topography (MADT), snapshot for (a) 19 March 2008 and (c) 2 April 2008. AMSR-E SST is presented
for 21 March 2008 (b) with location of XBT releases (white crosses) and radiosounding releases (black circles).

proximity of the Agulhas Retroflection to the northern edge
of the Agulhas Ring.

There are substantial impacts on the atmospheric latent
heat flux (LHF) and sensible heat flux (SHF) by the warm
eddy. A sharp LHF increase from 100 W/m? to 500 W/m? is
observed in the shipborne measurements over the southern
half of the eddy (44.2-42.8°S). This dramatic LHF increase
reveals a strong ocean-atmosphere flux immediately above
the eddy, which correlates with the strongly positive observed
SST anomalies (Figure 4(a)) and the enhanced heat content in
the upper 200 m (Figure 3).

In addition, the SHF nearly doubles at the southern eddy
edge progressing from approximately 45 W/m? to 85 W/m?
over the same latitudinal range but gradually decreases
towards the northern edge of the eddy, located at 41.2°S,
beyond which both the SHF and the LHF abruptly decrease.
The gradual northward decrease of the SHF can be explained
by the decrease of the south to north air-sea temperature
gradient where the air temperature increases from 12°C at
43°S to 17°C at 41°S.

The net heat budget (NHB) presented in Figure 4(c)
reaffirms the oceanic heat loss from 44°S to 42.5°S over
the eddy related to the combination of the high SHF and
LHF magnitudes (combined as the turbulent heat fluxes in
Figure 4(b)). The turbulent heat fluxes are thus responsible
for a high level of energy loss by the eddy and are only
counterbalanced when incoming solar radiation reaches a
maximum between 11h00 and 13h00 UTC. However, even
during this period, the energy gain by the ocean is low
compared with amount lost during the hours preceding and
following this time. This clearly indicates that the eddy heat
loss, during the period of observation, covers the period of
highest incoming solar radiation.

Wind intensities also reveal significant increases above
the eddy indicating that positive SST anomalies lead to
stronger winds. In this instance, the eddy core is located in
the northern part of the eddy where the strongest wind speed
is observed (~17 m/s). This observation has previously been
noted in previous works by Rouault et al. [16] and O’Neill et
al. [11]. According to White and Annis [17], the wind stress is
enhanced over warm eddies when westerly winds blow.

The sampled eddy is located where no strong fluctuations
in the analyzed synoptic wind stress are observed. This is
related to stable synoptic conditions induced by two high-
pressure systems in the north and two low-pressure systems
in the south of the eddy location (see Section 4.1)

Consequently, there is no synoptic explanation for the
wind enhancement observed above the eddy and it is likely
that only local factors are able to induce such wind stress
increases. The effect of sea surface conditions inducing a
thermodynamic response of the low atmosphere and/or a
convective system located in the vicinity of the eddy could
explain the wind enhancement. This is discussed further in
Section 5.

4.3. The Atmospheric Boundary Layer. The vertical profiles
of humidity mixing ratio (r), virtual potential temperature
(0,), and wind speed obtained from five radiosondes released
above the eddy are shown in Figure 5.

The first radiosonde (Figure 5 (RS1)) was released on the
southern edge of the eddy at 05h00 UTC. A well-mixed BL
can be seen from the surface to roughly 880 hPa (1220 m),
with an entrainment layer above the BL extending up to
830hPa (1666 m). The 0, profile of the former layer is a
classical well-mixed layer with a residual layer aloft. The
magnitude and vertical constancy of the humidity mixing
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FIGURE 3: Ocean-atmosphere cross section of the warm eddy with
heat content in the first 200 m of the ocean. (a) Atmosphere; (b)
ocean. White triangles at the top are radiosounding release locations
while white triangles at the bottom are XBTs release locations.

ratio indicated that the layer received energy to maintain
mixing activity along the vertical extent. This mixing is clearly
not driven by solar convective processes since the time of
sampling occurred at 05h00 UTC when the diurnal thermal
heating was at its lowest yet; it is remarkable that the BL is so
deep. The deep vertical mixing was thus likely maintained by
the THE

Figure 3 emphasizes the asymmetric north-south eddy
heat content as well as the asymmetry of the SST anomaly.
The second and third radiosondes (Figure 5 (RS2) and (RS3))
were released at 07h00 and 09h00 UTC, respectively, along
the section where the SST anomaly continued to increase

Advances in Meteorology

L
2 22 07 —~
g_ % 06 7,
3 ~ 6 =
Sl 05 2
g g 16 04
14 03 &
T L2 02 2
= 10 0.1 £
=
A3 8 0
—45 —44.5 —44 —43.5 —43 —42.5 —-42 -41.5 -41 -40.5
Latitude
— SST —— Wind stress
— Air temperature
(@
600
500
NE 400
E 300
~ 200
100 /,41"_\1,\'\‘__/‘1\1- \/\_.'\.\,\ﬂ/\\"l\ 4r\,'~\“
0+ 4 RS
—45 —44.5 —-44 -43.5 -43 —42.5 —-42 -41.5 —41 -40.5
Latitude
--- SHF —— THF
— LHF
(®)
750
550
NE 350
Z 150
=50 v
—45 —44.5 —44 —43.5 -43 —42u5\+42 —41.5 —-41 —-40.5
-250 -

Latitude

—— THF
— Net LW

Solar radiation
~—— Net heat budget

(©)

FIGURE 4: From left (south) to right (north) along the transect:
measured SST, air temperature, and wind stress (a); derived sensible
heat fluxes (SHF), latent heat fluxes (LHF), and turbulent heat fluxes
(THF) (b); turbulent heat fluxes (THF), net longwave radiation,
solar radiation, and net heat budget (c).

as the ship moved towards the warm core of the eddy. For
these two radiosondes, the boundary layer split in two layers:
an internal layer overridden by a residual layer representing
effective but less efficient humidity mixing values along the
vertical axis. If one considers the top of the BL as the top
of the residual layer, the BL height reaches roughly 800 hPa
(2000 m).

The fourth radiosonde (Figure 5 (RS4)) was released in
the warmer part of the eddy at 11h00 UTC where the highest
surface wind speed and SHF were observed but before the
rapid SHF decrease at the northern edge of the eddy. The BL
at this location exhibits an internal layer with two distinct
layers above it separated by r and 0, gap. The first distinct
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FIGURE 5: Radiosounding vertical profiles of mixing ratio and virtual
temperature as well as time and location releases.

layer is located at 802 hPa (1968 m) and the second at 720 hPa
(2800 m).

The last radiosonde (Figure 5 (RS5)) was released over
the northern eddy edge where the SST began to gradually
decrease. It was located just south of a meander in the
Agulhas Return Current which is represented clearly by a
sharp increase in the ship observed SST near 40.8°S (Figures
2(b) and 3(a)). This last sounding revealed vertical » and
0, profiles which indicated the presence of clouds near the
surface. Relative humidity vertical profiles (not shown) also
confirm cloud layers from 994hPa (190 m) up to 743 hPa
(2500 m) which is not particularly surprising as the Agulhas
Return Current area is well known for frequent and persistent
cloudiness due to the presence of a warm current flowing
beneath warm and humid boundary layer air (via an impor-
tant LHF from ocean surface). This intense cloud cover is
confirmed by satellite imagery.

5. Discussion and Conclusion

It has been shown that an extensive deepening (>1400 m) of
the BL is observed immediately above a warm cored eddy
originating from the Agulhas Current Retroflection. It is
largely over the deepening previously observed in this region
[2, 18]. However, these previous studies were performed
with radiosondes released with a poor time and spatial
resolution and no systematic ocean sampling across eddies
was performed.

The deepening of the BL is likely associated with powerful
upward surface heat fluxes detected above the eddy. However,

the deepening could also have been induced by either a syn-
optic meteorological situation or a local convective system.
The lack of in situ data over the region surrounding (300 to
1000 km) the eddy leads to some difficulty at determining a
sole explanation with direct observations. The closest off-ship
atmospheric soundings originate from Cape Town and Port
Elizabeth but these sites are too far from our region of interest
to draw any conclusions.

However, the ECMWF archive provides information at
09h00 and 12h00 UTC on 21 March 2008 (Figure 1). It is
remarkable that the SST used in the operational ECMWEF
model correctly locates the warm eddy close to the Agulhas
Retroflection. ECMWF archive data also reveals that the
CAPE over the oceanic region bounded by 10°W to 30°E
and 31°S to 51°S is very weak (<100 ]-kgfl) and measures
less than 40J-kg™" over the eddy region for both the 09h00
and 12h00 UTC datasets (not shown). This confirms that
convective activity is not responsible for the deepening of the
BL during the early morning of 21 March. This is coherent
with the low level clouds and westerly winds observed
onboard the ship before and after crossing the STE. The
ECMWEF archive BL height presents an isolated bump where
the eddy is located while another elevation is located above
the meander from where the eddy was ejected. Above the
eddy, the model generates the highest deepening of the BL
up to 1680 m, which is less than the mean observed BL depth
0f 2000 m across the eddy (as described in Section 4.3).

The joint analysis of the synoptic situation described in
Section 4.1 and the ECMWF archive data indicates that the
BL deepening that occurred between 06h00 and 12h00 UTC
was not due to a synoptic change (air mass interactions, e.g.).
This confirms that the BL deepening above the eddy is likely
caused by the eddy itself. The observed turbulent heat flux
increases over the warm eddy enhanced the vertical turbulent
mixing (see mixing ratio within the BL in Figure 4) and then
deepened the BL over the eddy.

Moreover, the winds were mainly westerly and blew from
an area of relatively cool to warm surface waters (Figure 1).
The vertical mixing is thus maintained by the regular westerly
wind, which advected colder and dryer air over the eddy.
This wind advection as well as turbulent heat flux generated
a vertical pressure anomaly from the surface to the upper BL
that led to stronger surface winds over the eddy core where
the turbulent heat fluxes were the most influential (see [19]).

Previous studies which sampled eddies over the same
region [12, 18] described a deepening of the BL associated
with a significant increase of turbulent heat fluxes but it is
the first time that the observed deepening reached values
described in this study.

This means that particularly strong positive SST anoma-
lies associated with ocean eddies deeply impacted the atmo-
sphere. Also, the results suggest that the eddies can influence
the atmosphere rapidly, as the sampled eddy had only formed
a week earlier.

The deepening of the BL occurs primarily above the
eddy and seems unlikely to be connected to the vertical
atmospheric structure beyond the northern part of the STE.
The deepening of the atmosphere above warm fronts actually



follows similar rules compared with the one observed over an
eddy edge. Interestingly, the ECMWF archive shows that no
dramatic atmospheric deepening occurs at the location of the
STF compared with the deepening over the eddy.

During the austral summer of 2008, the net heat budget
above the eddy was almost always negative suggesting it
primarily lost its energy to the atmospheric boundary layer
during the sampling period. The heat release is expected to
be amplified during austral winter months when the atmo-
spheric to ocean temperature gradient is normally greater.
The evidence presented in this study shows that these events
of mesoscale oceanic features seem to play a key role in the
air-sea exchanges in the region. Dramatic BL deepening and
the penetration of humidity at high altitudes, as observed
here, allow for convective cloud formation and the rapid
release of latent energy to the surrounding atmosphere. The
role of such anomalies thus has an impact on storms and
convective systems, which likely leads to modified rainfall
over an extended region, which may include the South
African coastal areas (indeed the atmospheric recirculation
over the Cape Basin region associated with the eastwards
displacement of low-pressure systems induces some conden-
sation and water and energy release far from the region where
the evaporation occurred).

Moreover, the increased humidity and cloud cover exten-
sively modify the radiative energy budget over such an area.

For these reasons, such eddies must be considered as
major humidity and energy sources for the medium-to-
upper atmosphere. Due to the longevity of these oceanic
features (multiple months) and their number (roughly 4-
9 per year, c.f. Section 1), their role in the regional mete-
orological processes, and the regional climate via radiative
and evaporative transfers, they warrant further study. For
instance, quantifying more precisely the mean atmospheric
heat release by such oceanic features will be very useful in
order to highlight connection with the synoptic climate and
Indo-Pacific events.
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