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Introduction

The regional atmospheric model MM5 has been used to derive high resolution coastal winds and surface fluxes (as well as other tailored products such as wind stress curl, Ekman depth and Monin-Obhukov stability parameter) for the southern Benguela region during a period when a harmful algal bloom (HAB) event occurred in St Helena Bay. We use St Helena Bay as an example of where atmospheric model products could be profitably used to better understand and model a sensitive region in the BCLME – there are many other examples of where the approach would be useful, for example, the Agulhas Bank, Lüderitz upwelling cell, Angola-Benguela Frontal Zone etc.

These atmospheric model data can be used to drive a regional ocean model, such as ROMS, and as more specific input into tailored application models for upper-ocean mixing or ecosystem response depending on the particular BCLME application in mind. 

Application to variability in the St Helena Bay region

The St Helena Bay region is prone to harmful algal bloom events. These events involve changes in atmospheric conditions, in upper ocean characteristics (relaxation of upwelling, stratification) and in the biology. As reviewed in Burls (2006), both wind stress and wind stress curl could play an important role in determining the characteristics of the coastal ocean mixed layer and hence phytoplankton species dominance over the broad shelf region north of Cape Columbine. For example, the magnitude of wind stress controls the mixed layer depth through vertical mixing whereas Ekman divergence induced by the coastal cyclonic wind stress curl may act to lift the base of the thermocline, increasing stratification and decreasing the depth of the mixed layer in regions of strong cyclonic curl. These two mechanisms may be responsible for the observed mixed layer characteristics and resultant phytoplankton species distribution off-shore of Lambert's Bay during upwelling favourable winds, prior to the development of a HAB event.
The upwelling favourable equatorward winds which prevail in the southern Benguela during the summer half of the year are interrupted every so often by transient weather events. HAB events may develop during these quiescent periods in upwelling, as dinoflagellate dominate surface water becomes strongly stratified encouraging dinoflagellate growth and resulting in a high biomass bloom. A significant onshore wind stress component during quiescent phases in upwelling is needed to advect these high biomass blooms into the near-shore environment where they have the greatest impact upon coastal communities. In this study , wind stress and wind stress curl are derived from the simulated 10 meter winds in an attempt to establish the role of spatial variability in the low-level wind stress field in the development of HAB events prone to the greater St Helena Bay region. In addition, surface fluxes, Ekman depth, the Monin-Obukhov length scale and other diagnostic parameters are analysed.

Wind Stress and Wind Stress Curl: 12-30 March 2001

Wind stress has been calculated according to the bulk parameterisation method of Large and Pond (1981), assuming near-neutral stability conditions. Figure 1 depicts the mean 12-30 March 2001 wind stress derived  from the 3km resolution nested grid and  indicates the intensification of wind stress seaward of  the Cape Columbine and sheltering in the lee of Cape  Columbine. The inshore wind stress values are  significantly less in the lee of Cape Columbine than  those to the south of the cape and further off-shore  during this period. 

In-shore of the maximum equatorward wind stress values is an area of wind stress decrease leading to cyclonic wind stress curl over the region (Figure 2). Note that the land has been masked out when calculating the curl  so as to prevent contamination by land values.  In agreement with the observations of Jury (1985b; 1985a), an  enhanced region of cyclonic wind curl extends north of  the cape due to the strong across-shore shear in the  mean along-shore flow which exists between the  equatorward low-level wind jet to the west of the cape  and sheltering in its lee.  
Bloom Dynamics: 13-30 March 2001 

Temperature and chlorophyll data for the upper ocean  collected over 13-30 March  2001 case study period are depicted in Figure 3.  Station 3 is situated approximately 2 nautical miles  off-shore of Lambert's Bay. During periods of active  upwelling, station 3 lies inshore of the coastal  upwelling front associated with the narrow band of  coastal Ekman upwelling. Upwelling favourable winds on  the 13, 16-18 and 20-22 March 2001 resulted in low sea  surface temperatures at this station. Slight warming  associated with the passage of a coastal low occurred  on the 14th and also on the 19th as the equatorward  wind stress relaxed. Relaxation of equatorward  upwelling favourable winds from the 23rd onwards led to  warming of the surface waters. 

The correspondence of the station surface species  composition with ocean surface boundary layer  characteristics was assessed by Pitcher and Nelson (2006). The surface boundary  layer was characterised in terms of surface mixing  using a stratification index and nutrient availability  using nitrate concentrations. Diatoms dominated station  3 samples during upwelling conditions, when nutrient  concentrations were high and the index of  stratification was low as a result of turbulent mixing  within the surface layer. The samples of intermediate  composition were characterised by intermediate  stratification index and nutrient concentration values.  A bloom of dinoflagellate bloom was associated with a high index of stratification and lower nutrient  concentrations which persisted from the 23rd.

From the timeseries of temperature and chlorophyll at  station 3, it is evident that the period can roughly be  divided into two, with March 13-22 characterised by  upwelling, cool surface temperature, low chlorophyll  values and diatom dominated samples at station 3  whereas from the 23rd, the prolonged relaxation of  upwelling favourable winds led to significant warming,  increased stratification and the appearance of a high  biomass dinoflagellate bloom. This dense bloom then  impacted upon the coast at Lambert's Bay as a result of  onshore flow (Pitcher and Nelson, 2006). 

The appearance of this bloom at the coast can be  directly attributed to the coastal wind forcing and its  temporal variability. Strong equatorward winds which  brought nutrients to the surface through upwelling  and vertical mixing were followed by a prolonged  quiescent phase, which allowed near-shore surface  waters to warm and stratify through radiative heating  and the horizontal advection (Pitcher and Nelson, 2006). Pitcher and Nelson (2006) and Fawcett (2006) have shown that  the southward advection of warmer waters from the  north, by a poleward barotropic current which occurs  under relaxed equatorward wind conditions, may be  responsible for rapid warming events at this station.

Wind stress forcing clearly plays an important role in  determining mixed layer characteristics and hence  phytoplankton species dominance. Spatial variability in  wind stress forcing could therefore pose as an  important mechanism in determining phytoplankton  species distribution over the broad shelf region north  of Cape Columbine. More stratified conditions tend to  favour the growth of dinoflagellates and hence the  formation of HABs. The role of spatial variability in  wind stress forcing in influencing the upper ocean  off-shore of Lambert's Bay during 13-30 March will now  be investigated. While wind stress induces turbulent  vertical velocities which mix surface waters and deepen  the surface mixed layer, a positive buoyancy flux acts  to stratify and stabilise surface waters, reducing  turbulent mixing within the surface boundary layer. In  order to assess the tendency of wind and buoyancy  fluxes to influence the upper ocean, Ekman depth and  Monin-Obukhov length scale are calculated from the  model winds and surface fluxes. 

Active Upwelling: 13-22 March 2001

Quantifying the role of spatial wind stress variability in determining ocean mixed layer characteristics north  of Cape Columbine should ideally be performed by means  of a numerical model of the upper ocean. Such a task is  bigger than the scope of this thesis. However, certain  diagnostic variables illustrating the mixed layer depth  scales related to the wind stress and buoyancy forcing  can be derived. From these depth scales, some  conclusions may be drawn as to the role spatial  variability in the horizontal wind structure north of  Cape Columbine may play in influencing the mixed layer  characteristics and in promoting the HAB development in  this region. 

A transect extending off-shore of Lambert's Bay (Figure 4) was conducted on the 16th of March during the period  of active upwelling. The across-shore temperature and  chlorophyll structure from this transect is depicted in  Figure 4 to show the off-shore changes in mixed layer  characteristics and thermocline depth as described by Pitcher and Nelson (2006).
From this across-shore transect together with previous  transects conducted in 2000, Pitcher and Nelson (2006) identified that  dinoflagellates typically dominate surface waters in  the inshore half of the transect. High phytoplankton  biomass, dinoflagellate dominated, surface water is  typically associated with the frontal region  immediately off-shore of the narrow band of coastal  Ekman upwelling, while further off-shore the  dinoflagellate contribution decreases relative to  diatoms due to a deepening of the mixed layer (Pitcher and Nelson, 2006). The  changes in the mixed layer depth appear to be greatest  mid-transect. 

Pitcher and Nelson (2006) suggest two physical mechanisms which may be  responsible for the deepening of the mixed layer depth  and subsequently the change in phytoplankton species  composition off-shore. The off-shore deepening of the  mixed layer could be driven by wind stress shear  resulting in increased wind mixing off-shore, or by  greater shear instabilities at the base of the mixed  layer due to stronger surface currents off-shore which  enhance entrainment and deepen the mixed layer.  However, a lack of wind and current data has made it  difficult to determine the physical processes  responsible for this off-shore change. Since the model  appears to do a reasonable job of capturing the effect  of Cape Columbine on the low-level wind flow, the model  winds are used to calculated the wind shear and assess  the impact of wind mixing off-shore.

Wind Mixing

Figure 5a shows the average across-shore decrease in  wind stress along the transect, after the wind stress  values have been horizontally interpolated from those  derived from the 3km and 9km resolution simulated 10  meter winds. The across-shore decline in wind speed within the narrow coastal band due to land-sea changes in surface drag and atmospheric boundary layer depth, remains a difficult atmospheric modeling issue. Capet et al. (2004) found  the structure of the across-shore wind profile produced  by the U.S Navy model COAMPS differed significantly  with differing resolution, with the region over which  the decline in wind stress occurs decreasing with  increasing resolution. This results in higher wind  stress curl within the narrow coastal region with  increasing resolution. Similarly, Figure 5a shows that  the on-shore decline in wind stress between in-shore  stations 3-6 differs between the 3km and 9km grids.  With increasing resolution, the across-shore region  over which the decline occurs decreases, and hence the  associated curl increases in magnitude. Off-shore of  station 6, the across-shore decline in wind stress due  to sheltering induced by Cape Columbine is the same for  both resolutions. With no in-situ data available to  determine the actual decline in wind stress within the  narrow coastal region, it is difficult to ascertain  which resolution provides a more accurate  representation of the decrease in wind stress between  stations 3-6. For the purpose of this investigation,  wind stress and wind stress curl values derived from  the 3km resolution simulated 10 meter winds will be  used. Caution must however be exercised when looking at  stations inshore of station 6, particularly when  dealing with wind stress curl values for near-shore  stations 3 and 4.

A diagnostic length scale which may be used to assess  the relative effects of wind mixing within the region  north of Cape Columbine, is the Ekman depth as  described by Large et al. (1994): h_{E}=0.7u*/f where the u* is the frictional velocity and f is  the local Coriolis parameter. The Ekman depth  calculated here represents the depth of a neutrally  stratified boundary layer due to wind stress forcing.  The frictional velocity used for the Ekman depth has  been calculated using the hourly wind stress values  derived from the simulated winds while the surface sea  water density was derived using the model SSTs and a  typical surface salinity value of 34.8 PSU taken from  the transect CTD data. Figure 6 depicts the mean 13-22  March 2001 Ekman depth derived from the 9km grid of  model run 2. An extended region of shallow Ekman depth  can be seen along the shelf region north of Cape  Columbine, during upwelling favourable winds. The  spatial extent of this region correlates well with the  region of high average chlorophyll concentrations north  of Cape Columbine depicted in Figure 6. The wind shadow  which occurs in the lee of Columbine during the  equatorward flow appears to favour a shallower mixed  layer depth over the broad shelf region north of Cape  Columbine, which may explain why this region is prone  to high phytoplankton biomass. 
The mean Ekman depth scale calculated over 13-22 March 2001 for the transect from the transect wind stress values is depicted in Figure 5c. The Ekman depth increases with off-shore extent as a result of  increasing average wind stress off-shore. From this we  can infer that wind induced turbulent mixing may be  responsible for the off-shore increase in mixed layer  depth typically seen in transects conducted off-shore  of Lambert's Bay.
However, the Ekman depth scale represents the depth of  a neutrally stratified boundary layer due to wind  stress forcing and does not consider the effects of  stratification which may result from a positive  buoyancy flux. A positive buoyancy flux tending to give  stable stratification will result in the mixed layer  depth being less then the Ekman depth scale. A  diagnostic length scale that accounts for buoyancy  forcing is the Monin-Obukhov depth scale defined as (Large et al., 1994):
L=u*3/(0.4 B)
where 0.4 is von Karman's constant, u* is the frictional  velocity and B is surface buoyancy forcing. The  frictional velocity was calculated as for the Ekman  depth. The buoyancy forcing for each transect station  was calculated according to Large et al. (1994) using hourly solar,  longwave, latent and sensible heat fluxes obtained from  the second model run. The buoyancy forcing is similar  to the buoyancy flux in equation [eq:Bouyancy flux] except that the  contribution of solar radiation is not included in the  net heat flux Q as its contribution is considered as a  separate term due to the fact that some of the  insolation passes through the mixed layer into the  deeper ocean. In order to assess the amount of  insolation contributing to the surface buoyancy, the  distribution of solar irradiance in the water column is  modelled according to a double exponential depth  dependence (Kraus, 1972) using Paulson and Simpson ( 1977) parameters for Jerlov (1968) water type three  applicable to the coastal waters of the Benguela. Only  insolation absorbed in the top 10 meters was assumed to  contribute to the buoyancy as this depth appears to be  the mean mixed layer depth observed in the transects.  The specific heat capacity, density and the  thermodynamic expansion coefficients were derived using  the model SSTs and a typical surface salinity value of  34.8 PSU.

The Monin-Obukhov length scale is only positive for a  positive buoyancy forcing. While insolation during the  day ensures a positive buoyancy flux, the buoyancy  forcing is negative at night and the stratification  established during the day is slowly eroded. However,  for the purposes of this scale analysis, an averaged  positive buoyancy forcing value has been used in  calculating the mean Monin-Obukhov length scale over a  desired period. The average Monin-Obukhov depth scale  shown in Figure 5d was derived using the mean positive  buoyancy flux and frictional velocity values for the  13-22 March 2001 period (note it is depicted as  negative to illustrate increasing depth). Unlike Ekman  depth, the Monin-Obukhov depth scales are very similar  to the mixed layer depths observed in the transects  conducted off-shore of Lambert's Bay (Pitcher and  Nelson, in press). Figure 5d therefore suggests that  the wind stress and buoyancy flux forcing during  upwelling favourable winds can help explain the  typically observed depths of the mixed layer and why it  changes in depth off-shore of Lambert's Bay. 

Figure 7 compares the March 16 transect mixed layer  depth, determined as the isotherm layer depth at which  the temperature decreases by 0.5°C less then SST, with  the Monin-Obukhov depth scale derived from the mean  buoyancy forcing and frictional velocity values  averaged over the 24 hour period before the transect  was completed. It appears that the Monin-Obukhov depth  scale gives a good representation of the mixed layer  depth and its off-shore variation in the Lambert's Bay  region on 16 March 2001. Slightly stratified conditions  within the first few meters of the surface at stations  inshore of station 8 during upwelling favourable winds  may be attributed to the effect of strong solar heating  and weaker wind conditions in the sheltered wind wake  which resides in the lee of Cape Columbine.

Ekman Pumping

The previous subsection has shown that the depth of the  mixed layer appears to be largely determined by the  balance between vertical mixing due to wind stress and  stratification due to a mean positive buoyancy flux.  Curl patterns induced by Cape Columbine may result in  Ekman pumping which acts to lift the base of the  thermocline bringing nutrient rich sub-thermocline  water closer to the surface and increasing  stratification below the wind mixed layer, over the  broad shelf region north of the Cape. Ekman pumping may  play an important role in supporting dinoflagellate  growth during upwelling favourable wind. Growth in  dinoflagellate populations which occur in a subsurface  stratum associated with the thermocline may be enhanced  due to increased light levels as the base of the  thermocline is uplifted through Ekman pumping,  promoting HAB development

The effects of wind stress curl in driving upwelling  through Ekman pumping and circulation through Sverdrup  balance is known to be diminished by the presence of  coastal boundaries due to frictional effects. Studies  in California have shown that the wind stress curl  associated with capes induces upwelling velocities  through Ekman pumping comparable to those induced by  coastal Ekman transport divergence (Enriquez and Friehe, 1995; Koracin and Dorman, 2001; Pickett and Paduan, 2003). Capet et al. (2004) also showed that  wind stress curl due to the decrease in wind speed  within the narrow coastal band results in a gradual  rise and doming of the thermocline within a band  10-30km off-shore of the coast. The Californian  continental shelf is however generally much narrower  than the broad shelf region north of Cape Columbine. In  an investigation of the relationship between wind  forcing and the resultant upwelling response for the  greater St Helena Bay region, Jury (Jury, 1984; Jury, 1985a; Jury, 1985b) found a strong  correlation between the differing negative curl  patterns north of Cape Columbine during shallow and  deep equatorward flow and the respective SST patterns.  Based on Jury's findings, it shall be assumed here that  although the Ekman pumping may be somewhat reduced over  the broad shelf region north of Cape Columbine compared  to its possible values over the open ocean, it still  drives upwelling which acts to uplift the thermocline. 

Figure 2 indicates that the highest cyclonic curl values  are found immediately north of Cape Columbine and along  the narrow coastal strip north of this cape. The region  of enhanced cyclonic curl immediately north of the cape  corresponds with the position of the upwelling plume  which develops north of the cape during upwelling  favourable wind (Taunton-Clark, 1985). Although Penven (2000a; 2000b) illustrated that  development of the upwelling plume observed north of  Cape Columbine could be attributed to the horizontal  advection of water upwelled south of Cape Columbine  around the attached cyclonic eddy, wind stress curl  presents another mechanism which may be causing this  plume to develop. High curl values in this region could  result in an uplifted doming thermocline due to strong  vertical velocities driven by Ekman pumping, with  vertical wind mixing bringing cool thermocline water to  the surface. However, an ocean modeling study  quantifying the relative contribute of these two  mechanism in creating the upwelling structure  associated with the plume would be needed in order to  determine the importance of the small-scale features in  the wind.

Further north, in the region of the Lambert's Bay  transect, average curl values during upwelling  favourable winds are negative and cyclonic as wind  stress decreases shoreward due to wind sheltering in  the lee of the cape. During upwelling favourable winds,  the cyclonic wind stress curl which occurs over the  entire transect may drive upwelling velocities which  act to uplift the base of the thermocline and enhance  stratification below the wind mixed layer (Figure 5b). Ekman pumping velocities at the base of the mixed  layer caused by wind stress curl (C,) are given by C/rho f) for the  open ocean. Figure 8 indicates that on average during  upwelling favourable winds, upwelling velocities in the  region of 1 meter per day could be driven by Ekman  pumping for stations 5-14. 

Closer inshore, the curl values become increasingly  cyclonic as they are enhanced by a stronger decline in  the wind stress due to land-sea changes in surface drag  and atmospheric boundary layer depth. This increased  inshore decline and associated curl is illustrated in  Figure 10. As already mentioned, wind stress curl  values inshore of station 6 must be treated with  caution because the decrease of wind stress in this  narrow coastal band is dependent on model resolution.  The atmospheric model can only qualitatively represent  this region of enhanced curl for inshore stations.  Enhanced cyclonic curl at these inshore stations due to  land-sea contrasts in surface friction may however be  responsible for the gradual rise of the base of the  thermocline inshore evident in Figure 5, as Ekman  pumping velocities increase inshore.

Increased uplift of the base of the thermocline due to  enhanced Ekman pumping at inshore stations, together  with shallower average mixed layer depths at these  station, appears to be consistent with the resulting  region of enhanced surface water stratification  typically observed at these inshore station during  upwelling favourable winds. These stratified surface  waters together with the availability of nutrient rich  sub-thermocline water near the surface may in turn  promote dinoflagellate growth during upwelling  favourable winds, hence pre-conditioning the region  prior to HAB events. 

Quiescent Phase: 22-30 March 2001

A transect extending off-shore of Lambert's Bay was  also conducted on 24 March 2001 which falls within the  period characterised by a prolonged quiescent phase in  upwelling favourable winds. The across-shore  temperature and chlorophyll structure from this  transect (Figure9) shows that the light winds have  resulted in strongly stratified conditions in the upper  few meters of the ocean at all the stations along the  transect. Lower mean wind stress values (Figure 10(a))  result in less turbulent mixing, and reduced mean Ekman  depth values for this period (Figure 10(c)). Although turbulent mixing has decreased, the insolation remains high resulting in a very shallow average Monin-Obukhov  depth scale (Figure 10(d) ) and in the warming and  stratification of surface waters.  The bloom distribution remains similar to that which  was set up during the preceding upwelling favourable  condition, with the core off the bloom  situated between station 5-7 where the thermocline has  been uplifted. In this region, nutrients below the  thermocline are available fairly close to the surface  and the water column is very stratified and stable  resulting in enhanced growth of dinoflagellates and the  development of a high concentration bloom

During this period of relaxed equatorward winds, the  bloom was advected onshore impacting upon the coast. An on-shore wind component is  necessary in the advection of surface material within  the inner-shelf region on-shore. Figure 11 illustrates  that the average zonal component of the wind stress was  onshore in the greater St Helena Bay region during the  23-30 March 2001 quiescent period. Spatial variability  in the mean low-level wind field during periods of weak  synoptic across-shore pressure gradient results in an  enhanced on-shore component in wind stress north of  Cape Columbine as the weak synoptic activity allows  sea breezes to develop over the region.
Summary

Spatial variability in the low-level wind field north  of Cape Columbine forced by topography and thermal  land-sea gradients is suggested as being favourable for  HAB development and on-shore advection in the greater  St Helena Bay region. Wind stress and wind stress curl  derived from the simulated 10 meter winds and simulated  surface fluxes have been used to derive, certain  diagnostic variables. Ekman depth and the Monin-Obukhov  length scale have been calculated on order to assess  mixed layer depth scales related to the wind stress and  buoyancy forcing. From these depth scales, some  conclusions have be drawn as to the role spatial  variability in the horizontal wind structure north of  Cape Columbine may play in influencing the mixed layer  characteristics and in promoting the HAB development in  this region. 
The application of MM5 output to the St Helena Bay region in March 2001 serves as an example of how high resolution atmospheric model output can be used as input for conceptual, diagnostic, or prognostic models for other regions of the BCLME, and for other applications. These include ocean circulation models, biogeochemistry models and ecosystem models. 
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Fig. 1.  Wind stress averaged over 12-30/3/01 for 3 km grid

[image: image4.emf]
Fig. 2.  Wind stress curl averaged over 12-30/3/01 for 3 km grid
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Fig. 3  Station 3 timeseries of temperature (top) and chlorophyll (bottom) during 13-30/3/01.
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Fig. 4 Transect 16 March 2001 (Top) Temperature with the isotherm layer depth (defined as the 
depth at which the temperature value is 0.5oC less than the SST) over-layered in black 
(Bottom) Chlorophyll concentrations with individual station temperature profiles in red.
[image: image7.emf]
Fig. 5 a) Wind stress, b) wind stress curl, c) Ekman depth and d) Monin-Obukhov depth for transect offshore of Lambert’s Bay averaged over 13-22/03/01.
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Fig. 6.  Ekman depth for the 9 km grid averaged over 13-22/03/01.
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Fig. 7
Isotherm layer depth (defined as the depth at which the temperature value is 0.5°C less than the SST) derived from the transect conducted on the 16th of March 2001 and the Monin-Obukhov depth scale derive from the mean buoyancy forcing and frictional velocity values averaged over the 24 hour period before the transect was completed.
[image: image10.emf]
Fig. 8. Ekman pumping velocities for transect offshore of Lambert’s Bay averaged over 13-22/03/01.
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Fig. 9
Transect 24 March 2001 (Top). Temperature with the isotherm layer depth (defined as the depth at which the temperature value is 0.5°C less than the SST) over- layered in black (Bottom). Chlorophyll concentrations with individual station temperature profiles in red.
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Fig. 10.  a) Wind stress, b) wind stress curl, c) Ekman depth and d) Monin-Obukhov depth for transect offshore of Lambert’s Bay averaged over 23-30/03/01.
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Fig. 11 Across-shore wind stress derived from 3 km grid averaged over 23-30/03/01.
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