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ABSTRACT

The response of the marine atmospheric boundary layer to the strong sea
surface temperature (SST) gradient across the warm Agulhas Current was
studied in the Agulhas Current Air—Sea Exchange Experiment, south of
Port Alfred, South Africa. Shipboard meteorological and oceanographic
measurements and radiosonde ascents are used to describe this response
for wind regimes that are approximately paralel to the current. Surface

heat fluxes increased by over 200 W m 2 from the shelf to the current
while the sensible heat flux reversed sign. A characteristically stable
boundary layer over the cool shelf waters was replaced by an unstable
convective boundary layer over the current. The mean specific humidity
and potential temperature of the boundary layer increased significantly over
the current by 25% and 10% with a concomitant boundary layer deepening

of 40 m (°C)_l SST. In the presence of alongcurrent winds an
atmospheric moisture and thermal front developed over the inshore SST
front. Thisis attributed to the horizontal gradient in the surface heat fluxes.
The strong SST front owes its presence here to the juxtaposition of the
warm current and an inshore kinematically driven subsurface upwelling cell
whose surface expression is modulated by the wind stress.

1. Introduction

The Agulhas Current is considered to be the major western boundary
current in the Southern Hemisphere (Gordon 1986). It forms the western limb
of an anticyclonic subtropical gyre in the south Indian Ocean. The current is
between 1000 and 1500 m deep, between 90 and 100 km wide, and may

exhibit speeds even in excess of 2.5 m s1
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latitude of Port Elizabeth. Near Port Elizabeth, the continental shelf widens to form the Agulhas Bank resulting in the
formation of shear edge features such as eddies, plumes, and filaments on the inshore edge of the current (Lutjeharms
1981). In this region, cool waters are found over the continental shelf lying inshore of the 200-m isobath where intermittent
upwelling gives rise to substantial temperature differences between the coastal waters and the Agulhas Current. It isin this
context that one can expect to find variations in the marine atmospheric boundary layer (MABL) similar to variations
observed in other areas with strong horizontal gradients in sea surface temperature such as the Gulf Stream or the Kurashio
Current.

Sweet et al. (1981) found variations in sea state, atmospheric lapse rate, and wind speeds across the north wall of the
Gulf Stream. The atmospheric mixed layer increased by 300 to 400 m on the warm side. When the wind blew from the cold
side to the warm side, the wind speed increased over the warm water. Similar results have been obtained in the Greenland
Sea (Vihmaet al. 1991), the Korean Strait (Hsu 1984), and the Agulhas Retroflection area (Mey et al. 1990). Hsu (1988) has
observed the development of an internal boundary layer when when the wind blew from the cold to warm side and the

generation of a sea-breeze-like circulation when the geostrophic wind was S5ms L

In the Joint Air—Sea Interaction (JASIN) Experiment Guymer et al. (1983) observed that fluxes are modulated by
mesoscale patterns in SST. In winter 1986, the Genesis of Atlantic Lows Experiment (GALE) utilized aircraft, ship, and
satellite observations to study the interaction between atmosphere and ocean, at al scales, off North Carolina (Bane and

Osgood 1989). Extreme values of the latent and sensible heat flux (1000 W m_z) were observed above the Gulf Stream. The
high quality GALE dataset led to numerous modeling and case studies with an emphasis on mesoscale meteorology and
extratropical winter cyclones (Warner et al. 1990; Holt and Raman 1992; Doyle and Warner 1993; Xie et al. 1996; Reddy
and Raman 1994). The Frontal Air—Sea Interaction Experiment (FASINEX) was designed to study the ocean—atmosphere
interaction across a sharp SST front. Friehe et al. (1991) studied the modification of the MABL when the wind was
perpendicular to the sea surface temperature front. When the wind blew from the cold to the warm side, surface stability
changed to unstable and the boundary layer became convective and more humid. When the wind blew from the warm to the
cold side surface stability became stable or near-neutral with a decrease in wind speed. Khalsa and Greenhut (1989)
presented evidence of secondary circulations, variations in the rates of entrainment and overturning at the top of the
boundary layer.

The MABL is of substantial interest in the South African context since a better understanding of this layer is needed to
comprehend how ocean—atmosphere interactions in the Agulhas Current system modulate South African weather and climate
variability (Rouault and L utjeharms 1994). Links between the warm waters of the Agulhas Current system and the summer
climate of the subcontinent have been established (Walker 1990; Mason 1995). Summer rainfall on the southeast coast of
southern Africa has been shown to be significantly influenced by the proximity and temperature of the adjacent Agulhas
Current (Jury et al. 1993). In summer, above normal rainfall was linked to an anomalously warm Agulhas Current. Latent
heat fluxes and moisture convergence over the interior increase significantly when SSTs are 1°C above normal (Walker
1990). The first observations made from aircraft within this region (Jury and Courtney 1991) have reveaed a spatialy
organized thermodynamic and kinematic atmospheric structure during uniform, light, westerly flow (approximately parallée
to the current) (Jury 1994). It has been shown that this may even lead to substantial cumulus cloud, development over
stretches of hundreds of kilometers along the current (Lutjeharms et al. 1986; Lee-Thorp et al. 1998).

Jury (1995) has proposed that the preconditioning of the marine environment by SST plays a key role in the convective
potential of transient weather systems. This may be important since the major-axis wind component for the region of the
southeast coast is parallel to the coast (and consequently paralel to the Agulhas Current) (Schumann 1989). An adequate
description of the structure and quantification of moisture in the boundary layer above the Agulhas Current during these
conditions is clearly called for.

In this paper we set out to characterize and quantify the principal spatial characteristics of the MABL above the Agulhas
Current during such alongcurrent winds. Shipboard meteorological and oceanographic measurements and radiosonde
ascents were made during the Agulhas Current Air—Sea Exchange Experiment, the first experiment of its kind in these
waters. The experimental design (section 2), data sampling and analysis (section 3), and background (section 4) are briefly
described. In section 5 we present the surface turbulent fluxes and atmospheric profiles that illustrate the response of the
MABL to the strong SST front.

2. The experiment

The Agulhas Current Air—Sea Exchange Experiment (ACASEX) was designed to investigate atmospheric variations across
the Agulhas Current and the potentia influence of the atmosphere on the Agulhas Current and adjacent upwelling cell
(Rouault et al. 1995). The region south of Port Alfred, an area sufficiently removed from the coast so as to avoid coastal
influences, was chosen as the location for the experiment (Fig. 1 ©=). This coastal region exhibits very intense, but
localized, upwelling inshore of the Agulhas Current creating extreme horizontal SST gradients not found el sewhere.
ACASEX consisted of a special research cruise aboard the R/V Algoa off Port Alfred and Port Elizabeth for the period 21




April to 3 May 1995. Twenty-four transects of the Agulhas Current were carried out in a mostly triangular cruise pattern. At
least two transects were completed each day. Continuous surface meteorological measurements were undertaken in
conjunction with radiosondes, which were launched approximately four times a day. These ascents were timed to coincide
with periods when the vessel was over the shelf, SST front, current core, and seaward regions, where possible.
Oceanographic measurements using expendable bathythermograph probes (XBTs) and an acoustic Doppler current profiler
(ADCP) were carried out in support of this program. Standard, twice-daily radiosonde ascents made by the South African
Weather Bureau at Port Elizabeth provided a land-based reference to assess the differences between the land and marine air
masses.

3. Measurements and methods
a. Measurements

The wind speed and direction from a Furuno FW-200 aerovane-type anemometer, 22 m above the sea, were corrected for
the ship’s movement with a Global Positioning System (GPS). It compared favourably with the wind speed from a fast-
response Gill sonic anemometer. Air temperature was measured at 16 m with an Aandera 3145 temperature sensor and SST
was given by a SEACAT SBE 21 thermosalinograph at the ship’s seawater intake at a depth of 2 m. Relative humidity was
supplied by a Vaisdla HMP35D, a dow response relative humidity (RH) sensor, and compared with the humidity from a fast-
response Ophir infrared hygrometer, which also provided slow-response temperature measurements. These fast-response
humidity measurements rapidly became unreliable due to sea-salt degradation of this device. A data acquisition system
sampled these devices at 10-s intervals. The values obtained were averaged in 10-min bins and stored with relevant
information such as time, latitude, longitude, ship speed, heading from a GPS, and sea level pressure.

The current velocity was measured with an RD ADCP. Data was recorded in a series of 8-m depth bins down the water
column. The current velocity values used in this study are 20-min means of data obtained at a 16-m depth. Over depths
greater than 1500 m the ADCP received bad data. This means that we have current speed data only from the shelf to the
inner side of the Agulhas Current core. Therefore we assume (after Pearce 1977) that the current velocity in the core of the
Agulhas Current is constant and then decreases linearly offshore.

The Vaisala RS80 Omega Sounding System provided vertical profiles of temperature and relative humidity at a resolution
of 4 mb (roughly 50 m). Rawinsonde wind were not available. At the beginning of the experiment water entered the housing
enclosing the tracking antenna preamplifier with the result that the tracking signal could not be received.

b. Methods

The turbulent fluxes of momentum and sensible and latent heat have been calculated using the bulk method algorithm
developed by Farall et al. (1996) for TOGA COARE. The bulk formulas for wind stress, sensible heat, and water vapor
fluxes are

r=p.Cy(U — U
QH = puE‘pCH(U - Ut}{Tn _ {E')}
Qf-.' = pf.lcf-.'{U - U_g)(ff_g - f.r,}:-

where U and g are mean wind speed and specific humidity measured at 22 and 17 m. Near the surface,

® =T, +0.0098z,,

where T is the air temperature measured at z. = 16 m;U, is the sea surface current speed and cannot be neglected.

Current speeds of upto 2 m s 1 were measured duri ng ACASEX (Rouault et al. 1995). For example, neglecting the current
speed at awind speed of 4 m s L will lead to a’50% error in the latent heat flux. Herep_ istheair density, and T_ and g are

the mean sea surface temperature and specific humidity at the surface; Og is calculated from Osat the saturation specific
humidity at the sea surface temperature

0 = 0.980,(TJ).

The factor 0.98 is introduced to account for the reduction in vapor pressure due to salinity (Eairall et al. 1996). C; is the




drag coefficient, and C,, and C are the dimensionless Stanton and Dalton numbers, also called transfer coefficients for heat

and water vapor. The algorithm iterates on the Monin—Obukhov length, L. This the the ratio of the work done by or against
the buoyant turbulent forces to the rate of shear production of turbulent energy. Then

€1p=101L
is the atmospheric stability parameter at 10 m, positive for stable conditions and negative for unstable conditions.

The model of Fairall et al. (1996) is based on that of Liu et al. (1979). It includes a separate module to calculate the actual
sea surface temperature (skin temperature) from the measured sea surface temperature, which is usualy made at the ship
intake a few meters below the surface, the contribution of the sensible heat due to rainfall, a new relation for the roughness
length, and a new parameterization for light wind and convective regimes.

Although our fast-response measurements make it possible to derive inertial dissipation estimates of the surface turbulent
fluxes, we prefer to use the bulk method in order to produce a continuous turbulent flux time series. Recent studies using
the inertial dissipation method discard results when the ship maneuvers, is not underway at full speed, or when the relative
wind speed is not blowing within 30° of the bow (e.g., Yelland and Taylor 1996). This occurred frequently (e.g., every time
a radiosonde was launched). Furthermore, the requirements of stationarity and horizontal homogeneity are violated above the
SST front.

The virtual potential temperature is not just an attractive but necessary means of describing the structure of the boundary
layer (Stull 1988). Thisis (in kelvin) for unsaturated air

0, = 0(1 + 0.61r),

wherer is the mixing ratio. The atmospheric mixed layer (with top z) may then be defined as the layer above the surface

where the virtual potential temperature profile is approximately adiabatic. In order to describe the mean scalar quantities of
the boundary layer the following properties are defined (after Katsaros et al. 1994):

_ 1 (=

0, =— 0.(z) d:z
i Jo

_ 1 (=

0 =—- z) dz
i Jo
1=
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where z is the atmospheric mixed layer height and Oy is the equivalent potential temperature (Bolton 1980).

The convective boundary layer may be defined as the layer above the surface that is convectively coupled to the surface.
Over the ocean, the convective boundary layer plays an important role in regulating the upward transfer of heat and moisture
(Betts and Albrecht 1987). This may be investigated using a conserved variable diagram (plot of one conserved variable
against another), which distinguishes between mixing, radiative, and precipitation processes. Atmospheric profiles were
composited for better statistical relevance.

4. Background and meteorological setting

We present results for two contrasting wind regimes (westerly and easterly) where the wind is parallel to the current. The
spatia patterns described by these two case studies were reproduced during other transects when the wind was parallel to
the current. For the “westerly” wind case on 24 April maritime weather conditions were influenced by a weak low pressure
passing east of the subcontinent (Fig. 2a ©=). Light, westerly geostrophic winds were indicated. Observed west-

southwesterly winds at the surface of 5-10 m s L were approximately parallel to the SST front. The easterly winds of the
previous two days had exposed upwelling in the study region. At the SST front a gradient of 3°C/10 km was observed.

Shelf SSTs of 15°C compared with values found for the core of the current of < 25°C. On 29 April, the “easterly” case, a
ridging anticyclone (Fig. 2b ©=) brought easterly air flow (approximately paralléel to the SST front).



5. Results
a. Oceanography

Satellite imagery was used to identify the location of the Agulhas Current and to show the position and intensity of the
adjacent upwelling cell. The intermittent inshore intrusion of cold water above the continental shelf is due to local upwelling
of water from a depth of between 200 to 600 m. The exact nature of this particular upwelling process is not well
understood. Two candidate processes exist. Ekman transport in the bottom boundary layer of the Agulhas Current would in
theory force water upward next to the continental slope as the swift current moves along the edge of the continental shelf.
This has been observed (Schumann 1986). Furthermore, where the current trajectory passes from a narrow to a wide shelf,
such as off Port Alfred, a distinct cell of topographically induced upwelling could be expected (Gill and Schumann 1979).
Such upwelling has aso been observed in this region. Since the resultant upwelling is thought to be driven by these two
relatively invariant processes, the high degree of temperature variability at the sea surface on short timescales is unexpected.

The closely spaced temperature measurements taken during this cruise, repeated at intervals of only 5 days, present
evidence for the most likely processes involved in this irregularity (Fig. 3 ©=). On 24 April the demarcation of isotherms
clearly shows the movement of cold water upward along the shelf slope. Five days later this is even more evident with water
colder than 12°C covering the ocean floor of the Agulhas Bank. This water is normally found at depths greater than 600 m
at a distance of 60 km offshore. This kinematically driven upwelling was therefore observed on both days, but not so its
surface expression. Prior to 24 April, strong, easterly winds predominated. On 24 April, a strong horizontal temperature
gradient from 14° to 21°C was observed between the coast and the shelf edge. Five days later this had been replaced at the
sea surface by a warm layer of uniform temperature between 20° and 21°C, about 15 m thick. Winds measured at sea
during the cruise were predominantly from the southwest. Such winds would have caused an Ekman drift in the surface
layers carrying surface water of the Agulhas Current toward the coast, thus covering the cold upwelled water with a thin
layer of warmer water. In the process a strong thermocline was created. This expected Ekman drift was, in fact, observed
and measured during the cruise with the ADCP (Rouault et al. 1995). These measurements show that although the deep,
kinematic upwelling in the eastern Agulhas Bank upwelling cell may be persistent, continuously bringing nutrient-rich water
onto the shelf, the surface expression of this process will only be evident intermittently due to local wind action.

b. Spatial variation of the surface fluxes

Results from a single transect on 29 April show that air—sea exchanges are closely correlated with SST (Fig. 4 ©=). The
left portion of the plot corresponds to the shelf, center to the current and right to the seaward region. Highest fluxes
correspond to the current, lowest to the inshore region. Over the cool shelf the air temperature is greater than the SST and
{ 10 IS positive (stable). This corresponds to downward sensible and lower latent heat fluxes (Teble 1 ©=). A value for the

latent heat flux of 78 W m™2 coincides with the intrusion of warm Aghulhas Current waters onto the shelf. We estimate an

average latent heat flux for the shelf of 50 and 270 W m 2 for the current, that is, afivefold increase. Thisis for
alongcurrent winds over the range of meteorological conditions (including a storm event) encountered. The surface stability
changes sign at the inshore SST front as the SST exceeds the air temperature by 3°C, indicative of convective conditions. A

dramatic increase in the latent heat flux occurs. A maximum turbulent heat flux of 347 W m™2 above the current core is
related to the wind speed increase. Immediately seaward of the current, the air—sea temperature difference decreases.
Surface stablity suppresses convection leading to negligible sensible heat and small latent heat fluxes. In general, this spatial
pattern was reproduced during all transects. The latent heat flux constituted the main component (80%—90%) of the surface
turbulent heat exchange over the current. Surface destabilization occurred across the inshore SST front, characterized by a
large horizontal latent heat flux gradient.

¢. Mean thermodynamic structure

The mean thermodynamic structure is a function of the surface turbulent fluxes and synoptic conditions. Composite plots
of the atmosphere above the current for 24 April and 29 April in Fig. 5 ©= reveal the mean structure of the convective
boundary layer and free atmosphere. The conserved variable structure of the boundary layer is characterized by a straight
line (mixing line) (Betts and Albrecht 1987) from the surface to the inversion where a 6 kink is found. The boundary |ayer

height (marked z) was independently determined from the ¢, , profile (top panef) and therefore gives an unambiguous

interpretation of this kink. Air below the subsidence inversion (Sl) and above the boundary layer (z) appears to define a

separate “mixing” line. Its semipermanence (we observed a variation to this structure only during a storm event) suggests
that thisis not aremnant of an earlier surface-based boundary layer. The 8 profile of this layer approximately follows that of
an air parcel originating from the base of the atmospheric mixed layer. We suggest that this second mixing line is associated
with cloud-scale mixing (Lee-Thorp et al. 1998) and synoptic-scale subsidence. The subsidence inversion marks a ¢,

reversal aong which radiative cooling has occurred (Betts and Albrecht 1987) (i.e., subsiding air cools radiatively while its




mixing ratio, r, remains unchanged). This inversion has previously been erroneoudly identified as the boundary layer height
(Mey et al. 1990, Fig. 6 ©=). A double-inversion structure is therefore apparent. A characteristic mixing line is found below
a He—r kink at the limit of dry adiabatic convection, Z.

d. Spatial variation of the marine atmospheric boundary layer

If the predominant wind axisis parallel to the current with little cross-frontal advection, then it is reasonable to assume
that the boundary layer above the shelf, current, and seaward region retain separate characteristics that are determined by
the exchanges at the air—sea interface. This hypothesis can easily be tested using the data from the radiosonde ascents
conducted during ACASEX. A pattern of transition from a convective boundary layer to a stable (or relatively more stable)
one will be shown to be a central theme in al cases and isin close agreement with the increase in surface fluxes.

Figure 6 ©= shows boundary layer differences between Port Elizabeth (PE) and seaward of the current for the third
transect on 24 April during west-southwesterly winds. We have used nighttime data at PE to construct this cross section.
The moisture profile at PE, however, was conserved and there is little difference between the daytime and nighttime
humidity cross sections (upper panel). A dome of warm, moist air above the current extends to the height of the MABL top
with dry air residing above the shelf and seaward of the current. (Recall that the current extends from 130 to 220 km
offshore of PE.) In the vicinity of the shelf, the surface sensible heat flux is downward. A shalow (200 m), stable layer is
capped by a strong inversion where the virtual potential temperature 6,, increases by 2°C over 200 m (Eig. 7 O=). Above the

current core, a well-mixed/neutral profile is attained. In this case, the profile is not as convective as might be expected due
to small surface heat fluxes above the current associated with decreasing wind speeds. Beyond the current, on the seaward
border, surface heat and momentum fluxes are negligible and a stable profile is attained. The spatial variation of g, § and 6, is

unambiguous (Table 2 ©=) with differences of 1.7 g kg_l, 3°, and 6.5°C apparent between the shelf and current.

On 29 April, air—sea exchanges of heat and moisture were much larger, leading to a deeper MABL. Figure 8 ©= follows
the lower atmosphere during easterly winds (approximately parallel) to the SST front. Daytime data at Port Elizabeth has
been used here. Differencesing, 6, and 6, (Table 2 O=) are somewhat deaccentuated due to the small cross-frontal wind

component. Neverthel ess a deep, moist, warm boundary layer over the current gives way to strong moisture contrasts on
the inshore and offshore edges. An initialy stable boundary layer (seaward front) is replaced by a convective boundary layer
(current) and shallow convective boundary layer (shelf) with a concomitant deepening of 300 m over the current (Fig. 9
©O=). The convective nature of the boundary layer above the shelf is due to the small (but not insignificant) oceanic heat loss
in this region.

e. Internal boundary layer

The varying synoptic conditions during ACASEX allowed an investigation of internal boundary layer (IBL) development
when the wind blew from cold to warm (shelf to current) and from warm to cold (current to shelf or seaward of the
current). Figure 10 ©= traces this process. Airflow during the first transect on 24 April was westerly (approximately parallel
to the isotherms but with a small cross-frontal component). At the inshore (offshore) SST front this component is from
cold to warm (warm to cold). The stable shelf profile is*capped” by an inversion. Destabilization of the surface layer then
occurs at the SST front as the first surface thermals mix vertically and a convective thermal internal boundary layer (TIBL)
structure is formed. The TIBL top is sharp. Downwind (over the Agulhas Current core) the TIBL is less distinguishable. In
this case the TIBL does not grow with fetch downstream due to diminishing surface heat fluxes and a decrease in the wind
speed. Beyond the current, on the seaward border, surface heat and momentum fluxes were low and a stable internal
boundary layer (SIBL) is formed.

6. Discussion

The analysis presented here has focused on quantification of the principal spatial structures with an emphasis on moisture
uptake. With the exception of the composite analysis presented by Jury (1994) of aircraft cross sections during westerly,
alongcurrent winds (Jury and Courtney 1991), scant attention has to date been paid to the structure of the boundary layer
above the Agulhas Current. It was noted that maximum wind speed and atmospheric turbulence corresponded to the core of
the current.

While Jury (1994) found that the MABL top on the cold side is approximately 600 m, 1000 m above the current, this
description may be simplistic. The spatial heat flux gradient across the current sets up atransition in stability of the boundary
layer. The variation of mixed layer height (growth ratio), z, is complicated by the difficulty in defining a mixed layer top for

a stable boundary layer (Stull 1988, pp. 504-506) and the magnitude of the surface heat fluxes. Despite a strong SST
gradient of 3°C/10 km, a shallow mixed layer was observed above the current on 24 April due to low heat fluxes. During
alongcurrent winds it is apparent that the boundary layer structure becomes spatially organized in agreement with Jury



(1994). A dome of moist air above the current was replaced by dry air seaward and inshore of the current. Over the inshore
SST front this transition defines an atmospheric moisture front whose depth is equal to the MABL height. Such coastal
fronts have been observed el sewhere where the wind is sufficiently parallel to the coastline. Under such conditions latent
heat release is localized and preconditioning of the marine environment occurs. The orientation of the wind is important.
Thermodynamic differences were emphasized when the component of airflow across the SST front was minimized. For
example, on an occasion of east-northeasterly winds (parallel to the inshore SST front) on 30 April a mean humidity

difference of over 3 g kg_1 was observed in the presence of an even stronger moisture front. Thisisin direct contrast to the
case where the wind blows onshore, perpendicular to the current (Lee-Thorp et al. 1999). A progressive accumulation of
MABL moisture was accompanied by a consistent deepening of the humidity mixed layer. The MABL deepened rapidly as air
moved from the seaward region over the current, becoming shallow and stable over the shelf where a deep residual moisture
layer acted as atracer of the former vertical extent of convective eddies.

Alternating westerly and easterly wind stress facilitates onshore and offshore Ekman transport in the oceanic surface
layer. This may control the variability in strength and position of the inshore SST front, which in turn has implications for
surface exchanges across the inshore SST front. XBT results have shown that kinematically driven upwelling by the
Agulhas Current may prime the system. Lower SSTs over the shelf region on 24 April were related to the easterly wind
stress of the previous two days. Westerly wind stress and onshore Ekman transport brought a subsequent reduction in
intensity of the SST front (2°C/10 km) by 29 April. A progressive intensification of the SST gradient then occurred during
easterly wind stress such that a gradient in SST of 3.5°C/10 km was observed by 30 April. An unambiguous wind speed
increase over the current and decrease over the shelf and seaward region was observed to occur only on 30 April during
winds parallel to the axis of the SST front and an intense SST front. Possible mechanisms are to be found in mesoscae
circulations and/or differential turbulent mixing of high-momentum upper air. It is not possible to address this question with
the available dataset.

7. Conclusions

The response of the MABL to the sharp SST contrast on the inshore edge of the warm Agulhas Current was investigated
in the Agulhas Current Air—Sea Exchange Experiment. The background weather for our investigation was characterized by
alongcurrent flow, either as cool westerly winds or as warm easterly winds typical of winter cyclonic and summer
anticyclonic conditions respectively.

The results may be summarized as follows:

1. While kinematic upwelling due to the Agulhas Current may prime the eastern Agulhas Bank upwelling cell, its
surface manifestation is controlled by alternating wind stress and resultant Ekman transport of the surface waters.
Upwelling-favorable winds are from the east.

2. Large horizontal gradients of the surface heat fluxes, especialy the latent heat flux occur. The surface latent heat
flux increased on average by afactor of 5 over the current while the sensible heat flux reversed sign. Surface stability
changed sign at the inshore SST front.

3. Thislarge horizontal gradient in the surface heat fluxes sets up a transition in stability of the boundary layer. Owing
to the difficulty in defining a stable boundary layer top, the increase in MABL depth was sometimes ambiguous. We

estimate a boundary layer depth to SST growth ratio of approximately 40 m (°C)*1.

4. An atmospheric moisture front occurs in the boundary layer across the inshore sea surface temperature front
during alongcurrent winds. A dome of moisture above the current indicated that latent heating was locdized with little

cross-frontal advection. The mean specific humidity of the MABL increased by approximately 25% [or 0.35 (g kg_l)
(°C) Y ssT.

5. The atmosphere contained two inversions. The first inversion capped the boundary layer and limits dry adiabatic
convection. The second, higher-level inversion was associated with synoptic-scale subsidence.

6. When the wind had a component across the sea surface temperature front, the development of an internal
boundary layer was observed. The internal boundary layer was convective for air blowing from cold to warm and
stable for air blowing from warm to cold.

The Agulhas Current has frequently been linked to South African climate. Thus an emphasis has been placed here on a
useful quantification and characterization of the atmospheric boundary layer. These results support the hypothesis that
substantial preconditioning of the marine atmospheric environment occurs in the vicinity of the Agulhas Current.
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Tables

Table 1. Turbulent air—sea exchanges on 29 Apr. Averages are given for the shelf and Agulhas Current. Qp isthetotal

turbulent heat flux (QT = QH + QE), Unit: W m 2. The quantity dSST/dy isthe horizontal gradient of sea surface temperature

(C°/km) perpendicular to the inshore SST front (i.e., between the shelf and current).Unit for (¢ )1/2 isNm 2.

7 0, 0. 0O, max(Q) T, dSST/dy

Shelf 0.14 =5 7813 102 0 0.2
Agulhas Current 0.2 44 252 296 347 -0.2

Click on thumbnail for full-sized image.




Table 2. Summary of mean boundary layer differences between the current core and the shelf for selected cases of
alongcurrent winds and grouped according to degree of alongshore transport. Entriesin bold are discussed in the text.

Click on thumbnail for full-sized image.
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Fig. 1. Reference map showing an exampl e transect (thin line) and winds (bold) on 29 Apr and the edges of the Agulhas
Current (thin parallel lines). Theinshore edge of the current follows the 200-m isobath (dashed).
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Fig. 2. Synoptic chart (a) at 1200 UTC 24 Apr 1995 (a) and (b) at 1200 UTC 29 Apr.
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Fig. 3. Changesin the eastern Agulhas Bank upwelling cell as seen in temperature sections taken five days apart (after Rouault
et al. 1995). Solid arrows indicate inferred bottom Ekman transport; an open arrow the surface Ekman flux due to the wind. The
surface core of the Agulhas Current, consisting of water warmer than 24°C, is shaded. Winds observed on location are shownin
the bottom panel. Lines denote the direction toward which the air moved.
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Fig. 4. Air—sea exchanges at the surface vs distance offshore on 29 Apr for the transect in Fig. 1 @=. The parameters (from top
to bottom) are: wind direction and wind speed at 10 m, air temperature at 10 m (solid), and sea surface skin temperature (dashed);



specific humidity at 10 m (solid) and saturation specific humidity at the sea surface (dashed); stability parameter, 4 10 10/L

(solid); wind stress (solid);latent heat flux (solid) and sensible heat flux (dashed). Labels on the horizontal axis give the distance,
in kilometers, from Port Elizabeth. The current extends from 130 to 220 km offshore.

Click on thumbnail for full-sized image.

Fig. 5. Composite plots of the atmospheric structure on 24 Apr (solid) and 29 Apr (dashed). The upper panel showsthe
composite 6, profiles; the lower panel the corresponding conserved variable diagram of the mixing ratio r and equivalent

potential temperature O Ther axis has been inverted so that the plot superficially represents a ee—hei ght plot. The boundary
layer top (Zi) and subsidence inversion (SI) are indicated.
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Fig. 6. Boundary layer modification on 24 Apr during west-southwesterly winds. The horizontal axes of the color contour plots
of specific humidity (upper panel) and temperature (lower panel) show the distance from Port Elizabeth (PE) in kilometers. A
nighttime radiosonde rel ease has been used for this cross section. The wind can be visualized as blowing into the page. Values

of specific humidity (g kgfl) and air temperature (°C) are given by each color bar.
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Fig. 7. Boundary layer structure on 24 Apr at the specified locations shown, namely, the shelf, current, and sea. The individual
traces of 6” are from the same transect asin Fig. 6 ©= and have been offset to aid visualization.
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Fig. 8. Sameas Fig. 6 ©= but for 29 Apr during easterly winds. The wind can be visualized as blowing out of the page.
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Fig. 9. Sameas Fig. 7 @= but for 29 Apr.
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Fig. 10. Internal boundary layer formation on 24 Apr. This transect was undertaken before that from Fig. 6 ©=. The wind may
be visualized as blowing from left to right. A stable boundary layer (SBL) over the shelf ( ) isreplaced by aconvective

thermal internal boundary layer (TIBL) (— — —), which decays downstream ([bu75]). Seaward of the current astable internal
boundary layer (SIBL) forms (---- ).
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