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The Requirements for Forecasting Harmful Algal
Blooms in the Benguela

E Bernard, RM Kudela, P Frants, W Fennel, 4. Kemp, A. Faweetand G.C. Pircher

INTRODUCTION

The Benguela system suffers from the frequent occurrence of a variety of harmful
algal blooms (HMABs) (Pitcher and Calder 2000), These biooms can have severe
negative impacts on local marine ecosystems and communities, in addition to
eommercial marine concerns such as rock lobster and aquaculture operations. Harmfil
impacts of HABs are associated with either the toxigenicity of some species, or the
high biomass such blooms can achieve. Collapse of high biomass blooms through
namral causes such as nutrient exhaustion can lead to low oxygen events, which in
extreme cases result in hypoxia and the production of hvdrogen sulphide, frequently
causing dramatic mortalities of marine organisms. Effective coastal management
requires the characterisation of HABs as ecologically prominent phenomena, the
means of monitoring critical ecosyvstem locations in real-time and, ultimately, the
operational forecasting of both HABS and their impacts. This document outlines the
feasibility and requirements for establishing an operational HAB monitoring and
forecasting sysiem in the sowthern Benguels based on the current state of
understanding of the varability of HABs within the region (Pitcher and Weeks, this

21l | Alnska Sea Urast College Program, Fairbarks, Alaskn, USA, volume)
" ‘ ‘ van des Lingen, C.0v, L1 Shannon. P, Cury, A. Kreines, UL, Molomey, 1-P. Roux; and F. Vaz-Velho, | y
=t g Il Resource and ecosystiem virinhility, including regime shifts, in the Bengoels Current system. {Chagpter I .
. 1!5 . T TR ; . It HAB forecasts are likely be derived primarily from the output of sub-ecosvstem
= ‘Ijﬂ I Monteiro, M 5: -i’l'R' FN?'J ibar L;t_ns. Ii}.!.;-'. Ba1lr:]'. ? MnlmEni;l?;ufzﬂ;f};;:l_[h?:urr:::iﬁn.hiji | models.  The structure of a potential forecasting system is thus dictated to a large
it .‘:Ii Bymes, G, Picher. P Florenchie, P Penven. rzpatnick; H.L . 2006, Forec g she dcgm h}, the effectiveness of tﬂupl:d phyﬁicul-biu[&gi{:nl models. There is a i‘tigh

degree of uncenainty associated with the biological components of such models,
particularly any species level aspect of predietion, as discussed in greter detail belaw,
A central tenet of any regional forecasting system is thus the wse of real-time
observations o effectively replace the need 1o model biological processes associated

h
I:' [ proceases in respect of low oxygen water — hypoxin / anoxia ete. (Chapter |3, iy valmme)
II Verheye, .M., AL Richardson, L. Hutchings, . Marska and D, Clanokeurs. 1998, Long-lenn trends in
the shundance and community structire of coastnl ooplankton in the southern Benguela system,
| 195 [-[996.-8 Afr Jf Mar Sci 19317-332,
| J I Whipple. 5.5, 1.5, Link, L.P Garrisen ard M. Fogamy, 2000, Models of predation and fishing mortality in
! .j | aguatic ecosystems. Fish and Fisheries | 1:22-40.

Woods, 1. A vision for modeiling and forecasting. 2006, Chapeer 17, this volume

with- HAB development.  Algal blooms classified as potentislly harmful in the
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: Wouster, W.S. and C.1 Zhang. 2004, Regime shifis in the Norih Pacific endy indicationy of the 1976 Hengueln additionally have a highly variable taxonomic composition (see Pitcher and

y 1977 event. Progrest (n Oceanograpiy 60241153200, Weeks, this volume), and for the purposes of forecasting are best characterized by their

: e | Yemang, 1., .G, Field nnd MH. Griffiths. 2004, Efects of fishing on the size and dominance strucare of impacts, Distinet in their nature, these impacts are associated with either the toxicity
Rl o {ii linefish of the Cape region, South Aftica. Afr Jf swar: Sc0 26:161-177 of some species present in the assembluge, or hypoxia resulting from the shoreline

Yemane, D, G, Field and BW, Leslie. 2008, Exploring the effecs of fishing om fish assemlnges wsing

(IR §||E Abunitance Bininass Comparison (ARCY curves. JOES Journal i Marine Science 62031 374-379, retention and collapse of high biomass blooms. The requirements for the forecasting

_ = of HABs in the Benguela are dictated primarily by these two modes of impnet, which
(H L both require prediction of shoreline impact and retention.
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Ideally, real-time observation technigues would address both of those concems.
offering assemblage identification, toxicologicul siatus, biemass guanlification, and
spatial blopm delineation using multiple technigues at the required variety ul’lem;:_ural
and spatial scales.  In addition, HAB prediction and effective risk pssessment in a
phvsically dominated system such us the Benguela requires miﬂtumlnglcu{ and
hydrophysical data pertaining to the transport, maintenance and potential retention of
blocms. An idenl chservation network would thus wrilise high frequency data from
multi-sensar coastal ohservation  platforms situated a1 locations critics] 1o both
preliminary bloom detection and resultant advective transport, in addition to synaptic
satellite derived data.  Products from such a network would be required af several
levels: peaphysical input dat for use with physical, ecophysinlogical or probabilistic
impact assessment models; and high level data products suitable for immediate use by
coastal management agencies.

Thie specific aims of a regional operational forecasting system are also an obvious and
important determinant of the structure of any real-time ohzervational system. Gifu_‘n
the dependence on real-time obgervation rather than ecophysiological modeling,
effective HAB forecasting in the Benguela in the immediste fulure is thus likely 1o
take two forms; The fiest of these is a probabilistic “ecological window™ ot fuzzy
Ingic model, wherehy the probubility of the succession of broad taxonomic groups and
HAB oceurrence is determined from observations of physical, chemical and biological
conditions in real-time.  Such a structure allows the complexities of physical-
biologicsl couplings to be reduced 10 operationally attaineble indices. e.g., identifving
the Tikelihood of diatom or dinoflagellate dominance based on the expected wrbulence
regime and water column steatification,

The second and mare important form of forecast is likely to be limited 1o a shoet 1erm
prediction of impact based on a combination of realtime bloom detection and
transport prediction, likely in twm 1o be based on 8 concomitant metcornlogical
forecast. The core product of any realisable forecasting system in the short term 1=
therefore likely 1o be a prediction of HAB shorcline impact and retention, highly
dependent upon observational ability, the temporal limitations  of metearologicel

forecasts, and the dynamic circulation models necded to simulate the wansportation of

HAHs in local fow felds. The need for appropriately configured and located coastal
manrings {5 thus absolutely critical 1o all forms of HAB forecasting, as is the need for
routine aceess to appropriate satellite derived geophysical products; Also vital to such
# forccasting capability are dynamic: circulation models able to integrate data from
real-time ohservation systems.  Simulation of the shoreward transport of blooms
should be considered the primary aim of these sub-ecosystem circulation models, The
ahility to assimilate real-time physical data, and utilise real-time binlogical data for
particle tracking and hloom dispersion is also necessary for operational forecasting,

These requirements are considered here with the aim of establishing a set of

prerequisites for establishing an operational eirculation model for HAB forecusting.

Mechanistic forecasting of HABs in the Bengueln is unlikely in the immediate futnre:
the complex hiological processes underlving HAB development are simply not well
encugh understood 10 model effectively.  Meventheless, the physical processes
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underlying the concentration, dispersion and advection of Blooms are relatively well
understeod, and furthermore can be simulated using dynamic circulation models, The
use of these circulution models in conjunction with real-time observation networks,
and relatvely simple physical-biological indices, offer the structure around which an
operational HAH forecasting system in the Benguela can be developed.

PHYSICAL-BIOLOGICAL COUPLINGS UNDERLYING HABS

Harmful algal blooms of phytoplankton deserve specinl ecognition relative to other
more benign  phytoplankton assemblages and blooms because of their obvious
importance lo humans, It is often difficult, however, 1o ientify physical, chemical or
biological characteristics of HADB species (other than toxicity) that would allow us to
treat these organisms is 4 unigue group or subser of phytoplankion, All phytoplankten
by nature are intimately connected to their physical environment, since phytoplankion
are by definition subject to horizomal transport by the physical  environment,
Therefore, any discussion of physical-biological couplings must ultimately he
generally applicable 1o phyioplankton. This is especially true of upwelling systems
such as the Benguels, where the dominant influence is wind-driven transport, both
from local forcing and from the subsequent development of charucteristic larger-scale
forcing such as coastal jets and countercurrents,

Theoretical frameworks for HABR species succession

In identifying the mmporant physical-biological couplings underlying HABs, it is
useful to start with a theoretical framewaork for panerns of biological succession, with
emphasis on upwelling regions.  Margalef et al. (1979) described the peneral
succession of phytoplankion functional groups based on an ecological space defined
by a continuum from r-selected (diatoms) 1o K-selected (dinoflagellates) organisms,
largely controlled by furbulence, which provides a proxy for nutricnt and light
availability. According to his Mandala, red-tide events of high biomass, a primary
HAB event in the BHenguels, were somewhat of an anomaly from the expected
successiomal patterns, and could be freated as unusual or allemate sequences
Margalef identified these réd tides as being associated with low terbulence, highly
stratified waters with an excess of nutrients,

More recently, Smayda and Reynolds (2001) revisited Margalefs Mandala, and
updated it based on a classification scheme which divides phytoplankion into. three
groups: €, or colonizing orgamisms, characterized by small size and maotility, and an
oppottunislic growth strategy; S, or stable organisms, adapted to be stress-tolerant,
with large, slow-growing forms dominant (Margalef's K-selected dinoflagellates); and
R or ruderal, organisms, typically disturbance and turbulence tolerant, actotrophic,
with an affinity for high nutrieat levels and often associated with upwelling fronts
(Margulel"s r-selected distoms). Based on this scheme, Smayda (2002) further refined
this for dinoflagellates, subdividing this group into ninc catcgories based on the
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iz possible to predict the general seasonal patterns, but it is extremely difficult to
forecast events from weeks 1o months in advance.

ecological miches they occupy as defingd by preference for nutrients and tolerance 1o
decreasing light and mixing.
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Smuyda (2002) also penerally classified dintoms and dinoflageliates, the two main
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groups of bloom-forming (and HAB) organisms in coastal upwelling systems such as
the Benguela, as having differing strategies for prowth. Distom hlooms tend 1o be
annual, of high species diversity, exhibit & fairly stable successional pallern 45 4 group
relative 1o other pliytoplankton, and have adopted a “sink™ strategy when faced with
sub-optimal environmental conditions.  Dinoflugellate blooms tend to exhibit bath
lower diversity and truncated successiom patterns, and exhibil @ “swim” strategy
idetailed betow). It is-also important 1o note that dinpflagellate blooms and red tides,
while relatively unprediciable in comparison to distom blooms, are not wnusual or
anomalous, and are @ normal part of the successional pattem cceurring in upwelling
systems.  As noted by Pitcher and Weeks (this volume), the switch from diatom to
dinoflagellate dominated algal communities can be considered succession in iis
simplest form, and as such the most fikely succession pattern amenable to forecasting.

In terms of growth strategy, dinoflagellates as a growp are genesoaliste, with
representative genera found in all major ecosysiem types. Although dinoflagefiates are
ofien associated with highly stratified, low-nutrient environments (e.g. K-selected),
they do not appear o be particularly well sdapted tw a low-nutrient environment (i.e.
they exhibit moderate 1o lovw growth rates, moderate to low. affinities for nulrients,
ete;}). To overcome this, four strategies have developed: vertical migration,
mixotrophy, allelochemical competition, and allelopathic grazing deterrents (Smayda
20021, Althaugh dinoflugellates a5 o group con be considered generalists, there s
considerable species- and probably sub-species level selection and adapiability,
introdecing a preat deal of stochasticity in blooms;  additionally, within a given
ccosystem such as the Benguela, it is not uncommon to find three or more of Smayda’s
(2002} nine subdivisions of dinoflagellates simultaneously in 4 small spatial region;

Despité the stochasticity evident at the species-level in bloom development, there are
clear successional patierns in upwelling systems.  For example. in the Californin
Current System, from year to year pennate dintoms dominate early in the year
accompanving the onset of upwelling-favorable conditions, succeeded in the summer
and fall by larger centric dintoms, then by dinoflageliates in the fall and early winter,
and finally by a small flagellate and picoplankion community in the winter (with o
substantial decrease in total biomass).  What is unususl sbout upwelling systems
compared 10 other regions is that, within these scasonal pattems, the hiologioal
patterns can he “reset” to some degree in response ta changes in physical Foreing
(upwelling/downwelling), which typically cccur on the prder of 3-10 day timescales,
It is clearly passible o identify time periods and conditions faverable for one group
versus another, generally related to the physical setting. It is at the more detailed level
(@ particular vear, or an attempt 10 predict particular species) that forecasting becomes
difficult. This leads to & gap in predictive forecasting skill of HAB events, where
should be possible to identify and predict the formation of group- or species-specific
blacm events several davs in advance (on the timescale of weather forecasting), and it
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Identification of physical-hiological interactions

Within this larger pattern of digtoms versus dinoflagellates and seasonal succession,
there are several important physical-biological interactions  that  influence  the
development or suppression of high-biomass or toxic dinoflagellate blooms. At the
cellular level, the most obwious example is the ability of dinoflagellates to swim, This
behavior allows them 1o muintain position in the water column, 10 segk oul optimal
prowth conditions (e.g., to cross the nutricling in nuirient-depleted  waters ar to
optimize their light harvesting), eand to overcome or avoid the often-turbulent
conditions associated with frontal svstems dand upwelling regions in general, Despite
the importence of motility, thers 15 no evidence that HAB-forming dinoflageilates
exhibit particularly weaker or stronger swimming behavior {see the review by Smavda
20000, although chain-Torming dinoflagellates such ps Alexandrivm carenglla, one of
several HAB species found in the Benguela, do exhibit strong swimming behavior,
There s also substantial vardability amongst HAB species; recent laboratory
cxperiments conducied by Sullivan et al. (2003) showed that the dinoflagetiae
Lingufodinim  polyednn exhibitz enhrnced growth and decreasing cell size in
response to turbulence, possibly 4 mechanism for coping with shear stress, At the
same turbulence levels, 4. coatermallo exhibits decreased growth and increased cell size,
suggesting that one organtsm (L polvednogm) might be stimulated by mrbulence, while
anpther, 4. carenclia, would likely use its swimming behavior to congregale m low-
mirbulence repions. Turbulence has alse been shown to result in enhenced toxicity in
A. frndvense (Jubl e al. 20017,

Turbulenee-avoidance, as hvpothesized for 4 carenella, is also conststent with the
observed formation of subsurface accumulations, often forming thin lavers, bv this and
other HAB organisms.  These subsurface layers may accumulate due to behuvioral
andfor purely phvsical mechanisms {Donaghay and Osbomne [997; Mehanus e ol
2003), Evolutionnrily, a possible benetit for concentration of HAB species into thin
lavers may be relief from grazing pressure,  Some zooplankion grazers may cease
feeding and swarve rather than consume toxic algae (Turner and Testec 1997), and
zooplankton have also been observed to avoid layers with high concentrations of toxic
phyvtoplankon (Fiedler 1982), Sub-surface lavers of HAB organisms are of obvious
importance in terms of monitoring and prediction. since these layvers may serve as
refugin or sources for the apparently sudden surface expression of HABs, and cannot
ensily he detected from the surface using methods such as remote sensing.

In addition 1o physical-biological interactions at the cellular level, interactions with
mesoscale physical features are alsp of imponance in upwelling svatems,  Some HAB
dinoflagellates found in the Benguels produce cvats [(eg., A cmenelia), snd the
persistence and seasonal reoceurrence of these organisms is almost certainly related to
the formation of ¢var beds. Many other HAB dinoflagellates do not encyel, howeyer,
and it 15 not clear what the source of initial seed population 15, particularly. n
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upwelling systems which are by nature highly advective. Previous work in the
Benguela has identified the formation of pelagic seed banks (Pitcher and Boyd 1996,
Pitcher et al. 1998, Smayda 2002); potentially leading to dinofagellate concentrition
in oifshore coastal fronts, and witimately coastal fmpact through physically-induced
onshore transport.

Potential for forecasting HAB biological characteristics

HABR organisms should be considered part of the normal successional patterns: of
specics in upwelling ecosystems, despite the seemingly random selection at the species
level among HAB orpanisims which occupy similar ecological niches.  Although
upwelling systems are unique in that successional patterns can be al least partially
“reset” by the eyelic occurrence of upwelling/reluxation events, at a gross level
ecological windows conducive to HAB formation should be idemifisble. On larger
physical-biological scales, there are several examples of HAB predictability based on
statistical correlations betwesn changes in the mean physical or environmental
structure and the occurrence of HAB proups. In Hong Kong, Yin (2003) has shown
thvat severe red tides are ofien associated with monsoonal wind conditions. In Galizia,
the upwelling index, in combination with remotely sensed sea surface lemperiture and
chlarophyll, bas provided a robust index of Peendo-nitzsclia blooms (Sacau-Cuadrado
et al. 2003 Along the Baja Peninsula in Mexico, Ochoa (2003} identified HAB-
promoting conditions related to the ENSO index, and there is some evidence that £,
pedvedrum in the California Current System is a1 least loosely cormelated 1o both ENSO
and the Pacific Decadal Oscillation (Kudel, unpublished).

There is also potential for the forecasting of the initiation of high biomass HAB events
from remotely sensed physiological proxics sech as guantum  efficiency of
fluorescence. Synoptic Muorescence quantum yield data can be derived from the use of
analytical reflectance algorithms with space-based ocean colowr dat (Bernard 2005 ),
Preliminary indicstions are that such data may be used to esmblish algal growth phise
varitions (e.g., Young and Beardall 2003 ).

In summary, the difficullies of ecophysiological modeling, and the inherem
stochasticity of algal succession and bloom dynamics mean that the most pragmatic
current means of predicting biological HAB anributes in the Benguela is the use of
real-time physical, chemical, and biological data in conjunction with a statistical
“geological window' approach. It must also be realised that high biomass HAD events
in the Benguela are primarily forced by mesoscale physical factors: identification of
the processes wnderlying these factors, and their effects on algal concentration,
dispersion and adyection, arc critical to establishing a forecasting capability
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IDENTIFICATION OF THE PHYSICAL PROCESSES IMPORTANT TO
BLOOM CONCENTRATION AND TRANSPORT

The ability to predict HABs in constul upwelling systems depends fundomentally on
understanding not only causative binlogical processes, but also the physical
environment in which the HAR species grows. From a mansgement perspective, it is
important o be able to anticipate the movements of a HAB, perticularly the
intersection of an offshore HAB with the coast. Thus understanding the factors that
determine the advection of 1 HAB will be crtical elements in forecasting the impacis
of HABs.

The basic aspects of the physical dynamics common o many coastal opwelling
svstems are amentble to real-time méasurement and short-term  forecasting.  In
particular, an understanding must be sought of the fictors controlling the motions of
walers containing HABs and the waters that may stimulate the formation of HABs. In
the following pages models of wpwelling/downwelling . systems are therefore
exammined, with the intention of identifying imporiant transport pathways and essential
dynamics that may support the initiation, transport, or dispersal of HABs.  An
investigation is made of & simple 20 2-lavered wpwelling system, 30 effects in
upwelling systems, and 20 and 30 Aows in downwelling and relaxation conditions,
The investigation concentrates on identifying where water comes from, where it goes,
and the forces that underlie these motions, in addition to dispersion and concentistion
mechanisms.

Principal phivsical processes and their role in shoreward bloom transport

Lipweliing

A 2D model lpoks only ot variations in two dimensions (cross shore and vertical), bu
ignores the slongshore changes,  In Ekman’s simple 2D 2-loyvered model of wind-
driven cosstal upwelling, an nlongshore wind stress causes an offshore (ux of surface
witer, the Ekmun transport.  This offshore flow must be replaced by an onshone flow
of deeper woter which drives upwelling of deep water at the coast with subsequent
uplifting of the pyenocline. The assumption of two well-mixed layers obscures demils
of the origin and vertical structure of the deep retum flow, in perticular whether it
originates from the interior of the water column or the bottom boundary Tayer
Convergent or diverpent structures of the front, also obscured in & 20 structure, con
only be resolved in models with vertical stratification.

Allen et al. {1993) explored & 2D primitive-equetion model with a wrbulence-closure
mixed-layer model whose bathymetry was representative of the shelf off the const of
Crepon.  The model had & gradunl vertical stratificotion, chameteristic of the water
column of thet region, and was forced with o steady upwelling-favoreble wind. In the
base cuse {no heating), the surface wind stress caused the formation of a surface mixed
laver that deepened with time, as well ns the offshore Ekman transport of surfice
water.  The offshore surface Tlux was reploced by water from o thin near-bottom
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Ekman layer, not waters from the interior of the domain. Az thewind blew, isopyenals
were pushed upward and finally broke the surface, forming & front that moved
affsliore. A convergence zone formed al the front, as inshore water subducted beneath
it, A strong along-front jet formed at the front, ind moved offshore with the front.
Heating tended (o reduce the surface wrbulence and the depth of the surfece mixed
laver, Doubling the wind stress led to o doubling of the offshore surface Ekmuan
trénspnn. and a halving of the time taken for the fromtal jet to reach 4 piven speed.
Decreasing stratification led to o deerease in the strength of the Fonal jet and caused
the cross-shelf flow ta be distributed through a greater portion of the water columi.

Austin and Lentz (2002) performed a similar modeling study, though their maodel was
configured for a broad shelf (such as the east coast of the US), and with a sharp
pvenocline atabout 10 m depth, Their results were largaly similar 1o those of Allen et
al. (1905), with some mnteresting additional details.  During upwelling, Austin and
Lentz showed that os the isopycnals rose and surficed to form the front, 4 vertically
well-mived region formed inshore af the front where the surface and bottom Ekman
layers met. This shallow inner-shell region extended to a depth of about 15-20 m (10
km offshore with their bathymetry). Because of the lack of vertical stratification, this
inner shelf region did not suppart vertical shear, 4o onshore-offshore motions cauld not
penetrte to the const. Rather, the upwelling was confined to a zone neer the front, and
propagated offshore with the front, leaving 4 region with no horizontal motions inshore
of the front. Tracers introduced into this model either in the bottom layer offshore, or
at the coust, showed very little eross-shore motion during upwelling. The tracer i
the bottom layer moved shightly cnshore uniil the front rode over it, when it became
vertieally well mixed ond ceased to move horiznntally, The tracer at the ¢oast wis
almost immediately trapped within the vertically mixed inner shelf region, and showed
o across-shellf movement.  Thus in this scenano, delivery of 8 HAB to the coast
would be unlikely, no matter where the HAB was in the water columa.

Downwelling

During active downwellmg, an alongshore wind ipoleward on i west coast in the
sauthern hemisphere) forces surface Ekman transport onshore, causing the pyenocline
1 baw downwards, intersecting the bottom and moving offshore at depth. This front
is nsspcinted with un increasingly intense along-front jet in the direction of the wind

Allen gnd Newberger (1996) used the same numerical mindel as Allen et ak (1993) 10
explore the dynamics of coustal downwelling in a 2D domain configured for the
Oregon coast. In their base case (no heat flu), the isopyenals behaved as predicred by
Ekmen theory, bending downwards and moving offshore. A well-mixed inner shelf
region formed as the front moved offshore and desper. with an alona-front jet
pssocinted with strong convergence and downwelling.

Austin and Lentz (2002) #lso explored downwelling-forced flows in a region with-8
broad shelf and a sharp pyenocline.  Their resuls echoed those of Allen atd

Newberger { 1996], with the formation of a strong front at the bottom that propigated
nffshore. gssocipted with o strong along-front jet and a verically mixed inner-shell
region suppressing vertical shear and horizontal cirenlations between the coast and the
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front. This was clearly demonsteated by the motions of racers mtreduced o the
surface layer, and at the coast in the model. The tencer in the surace layer moved
slightly enshore us the wind blew, but became horizontally stationary onee the front
had reached and passed the paich. After the front had passed by, the patch of tracer
was vertically homogeneous, and no Tonger moved onshore or offshore in the inner
shelf. The tracer introduced st the const remained trapped st the codst by the well-
mixed inner shelf.

These results suggest that onshore trunsport of organisms embedded in these Mows is
minimal. Even a patch of tracer at the surfice moved onshore only minimaily under
forcing from a downwelling-favorable alongshore wind, Tilburg (2003) explored this
prohlem further by mvestigating the effects of across-shore (onshore) wind stresses an
the transport of a tracer in the surface loyer of o 2D lincarly stratificd model.  He
showed that & wind with an onshore campunent had a substantial effect on the onshore
movement of the surface tracer and could transport it through the well-mixed inner
shelf 1o the coast. Using these results it is possible to predict that onshore movement
of o surface HAB would be driven by winds with an onshore component.

Relaxation

An incorrect generalisation of upwelling systems is that when the wind ceases, the
upwelling front propagates onshore under the influence of the across-shore pressure
pradient associated with the uplifted pyenocline. In a purely 2D system, however, this
will not happen, as conservation of the potential vorticity results in a geostrophic
balance which maintins the position of the offshore front and the along-fromt jet -
until the system is forced by changes in the across shore pressure gradient such ss new
wind events or propagating coastally tmapped waves. On the other hand, it is o
common observation thet warm water reaches the coast durmg relaxation (e.g., Send
[987). and it is important 1o ideniify both the source of this warm water and the
underlying transport processes,

There are several mechanisms that could lead to the appeamnce of warm water at the
coast after an upwelling-favorable wind stops (see Figure 12-1)  One process, as
discussed above, 15 active downwelling, which can canse onshore movenent of water
if there is an onshore component o the wind stress,  Other processes are more
complex, and include the formation of eddies (baroclinic instabiliry} and 30 dynamics
associzted with complex topography such as capes or canyons.

Baroclinic instabilitics form when small along-from perurbations are magnificd by the
aeross-front shear and the slope of the pyenocling. As the small perturbations grow,
they can roll up into eddies that can detach from the front and inftersect the cost.
These eddies may concentrate orgenisms and deliver them to inshore regions, causing
the sudden appearance of warm water and HABs. These eddies are often associated
with coastal topography and may impinge on the coast at predictable locations. The
size and growth rate of the eddies is related o the bottom slope relative to the
prenocline slope. Steeper botiom slopes tend to reduce the formation of small eddies
and inerease the ome token for the eddies to form,
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Alongshore wopography has been recopnized to play a role in upwelling relaxation for
many wvears (eg., Send 1987)  however, the detsils of the mechenisms are still
somewhat obscure. Gan and Allen (2002) expiored the dynamics of Tows near capes
embedded in a coasial upwelling svstem using a 30 primitive-cquation model. Their
model clearly shows the appearance of warm water at the coast sround a cape during
upwelling relaxation and their analyses shed some light on the underlying mechanism.
During upwelling, the frontal jer moves offshore, where the jet con separate from the
coast and move inlo open waters downsteeam of the cape. Under steady upwelling-
favorable alongshore winds, water downstresm of the cape is afso accelerated
alomgshore in the direction of the wind. Two regions of strong alongshore pressure
pradients build up around the cape: on the upwind side, the pressure gradient is
oriented toward the cape (i.e. in the direction of the wind}, while on the downwind
side of the cape the pressure pradient again poims toward the cape, counter to the
direction of the wind. The torce belance seems to indicate that the upwind pressure
gradient is balanced by o strong geosirophic anshore flow of deep, cold witer, while
the downwind pressure gradient is balaneed by nonlinear forces associated with the
mavement of the jet around the cope. When the wind subsides, the upwind pressure
pradient dissipates, causing no alongshore flows. The dewnwind pressure pradient
does not dissipate, however, and forces water 10 mave alongshore opposite to the
former wind direction.  This water comes from offshore due to some recirculation
around the cape during upwelling, causing & warm waler mass to ndvect toward and
around the cape during relaxation, in the opposite direction of the previous upwelling
jet- These dynamics may account for the appearance of warm water at the coast during
relaxation and the sudden appearance of HABs in bays downwind of a cape, or along
the coast upwind of a cape during relaxation.

Forcing mechanisms underlying the prediction of shoreward bloom transport

Winid stress curd

As previously discussed, the main reason for eoastal upwelling is the divergence of the
Ekman transport caused by the copst. Another mechanism able to generate divergence
of the Ekman transport are wind stress curls, i.e., wind varmtion perpendicular to the
wind direction. The wind stress curl is potassociated with o wave guide. Thus
contrary to areas close to the cowst where upwelling diminishes after a while owing to
coastally trapped waves, upwelling driven by the wind stress curl will not be reduced
by wave processes (Fennel 1999), Whilst bands of high wind stress curls have been
ohserved m upwelling preas (Bakun and Nelson 1991), measurements of these curls
were Telatively sparse,

Fecent work (e.z., Chelton et al, 2004, Koracin et al, 2004) has shown that the wind
stress containg a great deal of strugture that s usually not measured or wsed 1o firce
models: Koracin et ol show that thie curl of the wind stress, the aspect of wind stress
thar drives upwelling and downwelling, can have scules as small as & few kilometers
across shore, porticularly in regions of coastal wpogmphy such s mountaing or capes.
This has imporiant implications foc the structuee of the constal flow parterns, since the
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Fijure 12-1, Schematic of principnl physical processes responsible for shorewasnd bleom tmnsgiort on the
soutbern Benguela Mamagua shelf region

vertical flows forced by the wind will tend to have spatial scales similar to the spaiial
seales of the wind stress curl. Thus, we might expect multiple fromts to form, with
complex patterns of transport along and among the frontal jets,  This will have
rmpartant implications for the transport of HAB species o neprshore locations, These
results reinforce the notion that wind-driven flows in upwelling systems are highly
three-dimensional. particularly in regions of complex coastal topography, i

Coastally trapped waves and nndercurrents
Altheugh the basic process of coastal upwelling, the diversence of the Ekman
transpart near the coast, ean be understood on the hasis of 212 models, it is imporant to
note that the dynamics of an upwelling system ure basically theee dimensional, The
cnusm_l or along-front jets are significantly stronger than the cross-shore motion.. The
coust is known to act as 3 guide for coastally trapped waves. The finite extent of the
wind fields and irregularities of the coastline are the main reason for the formation of
waves, in response to temporal changes of the wind fields. A model case, which can
be treated annlytically and provides understending of the basic foatures, is o stratified
m_sstnl oczan with o straight coast and flat bottom (MceCreary 1981, Fennel J988). 1n
this case the relevamt wave processes are Kelvin waves, which propagate with the
coast to the right (in the northem liemisphere) and switch the dynamical batance from
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linearly growing upwelling and accelerating constal jets 10 e regime where the
upwelling stops, and the speed of the cozstal jer will be arrested.  Behind the Kelvin
waves an alongshore pressuce geadient develops, which is driving & coasial
undercurrent.  The Ekman transport then no longer drives the vertical flow but is fed
inte the undercurrent. The Kelvin waves are the simple non-dispersive extreme case,
In @ more realistic consideration, the topography must be included, which makes the
weve properties much more complex. The associated waves are continental shelf
waves which are dispersive and con even have frequency- wavenumber combinations
with vanishing group velocity. The theory of these processes is complex and canno
easily be outlined, However, some of the hasse features ol the Kelvin wave regime are
cernined with gradual medifications dug to the shelf topography,

With regard to predictions of the motion of HABs the undercurrent is of ohvious
importance. Small upward of downward vertical migration of algal cells can change
their directicn of transpor: from a downwind direction with the surface coastal jet to a
movement in the opposite direction with the nearshone copstal underncurrent.

Whilst traditionally concerns huve focused on across-shell’ lows during upwelling, the
along-shelf flows actually dominate the transport of organisms. The formation of an
inner shelf circulation cell may substantially inhibit across-shelf transport of organisms
to the coast, though this may be overcome hy three-dimensional circulation patterns
such as baroclinic instabilities and onshore winds.

REAL-TIME OBSERVATION OF HABS

In-situ observation technologics

Technological, logistieal, snd fnuncial resténints will all impact upon the alulity W
construct an observational network capable of allowing the observations required for
the prediction of all potential impacts of harmful algue. Technological restrainis are
likely ta change rapidly, given the emergemt aatire of autonomous instrimentation in
the field: and whilst some discussion must necessarily be made concerning the current
nature of these resteaints, itshould be realised. and indeed hoped, that such discussion
will rapidly lose relevance,  Only techmiques of potential wility for rel-time
autonomous operation on moorings will be discussed here, although  imditions)
sampling and analysis methods, such ss cell counts and toxin assays, will obviowsly
continie to be extremely imporant for the foresceable future

Species identiffcation and oxicological observationy

Identificietion of phytoplankton 10 & specics o genus level with remote autonomous
instrumentation is a significant technological challenge, albeit one that is being rapidly
susmounted.  Autonomous species level identification has already been demonsirated
using tRMA probes with the Environmental Somple Processor (ESP) developed at
MBARI (Schalin et al. 1999) At the time of publication, a second-generation ESP
system, which would be more widely available to end users, wis being developed with
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support from the 115, National Science Foundation. Similar mislecular probe and
other techniques showing promise for automated application are currently baing tested
and used in field studics (e.g., Scholin et al. 2003), Tdentification to a SPECIes OF genus
level is also possible using the autonomous FLOWCAM instrument, a comhbined flow
eylometer and microscope recently made commercially available (Sieracki 1998),
Recent reviews of these technigues discuss them in greater detail (Glasgow et al. 2004,
Sellner et al. 2003},

Autonomous determination of cellular toxicological data is also extremely desirable,
given the variability of cellular toxicity in response to environmental conditions (e,
Bates 1998), The autonomous ESP platform has alsa been used for contducting toxin
assays with immunological probes. While ot present it appears that this is the only
technology suitable for such measurements, there is potentinl use for in sty toxin
measurements using miniaiurzed atonomous miss speclrometers { Langebrake 2003),
while other technologies applicable to HAB monitoring are also heing developed
(Daly et al, 2004)

It should be reatised that whilst the svstems discussed above are of preat patential
utility. they are emergent technologies using complex, specialised. high maintenance
imstrumentation that is unlikely to be cast effective (or even commercially available)
soan. As such, these systems are unlikely to provide routine algsl monitoring data in
the Benguela in the near future.

Big-oprical ohyervationy

In compirison 1o the systems described abave, a wide variety of relatively simple,
robust, and cost effective bio-optical instrumentation is commercially available thar is
well suited to autenomous deplovment (2.2, Cullen et al. 1997}, However, while such
mstrumeniation offers dara that is able to provide suitably accurate determinations of
alial biomass, and in some cages a limited description of assemblage tvpe (Roesler e
al. in press), it cannol offer the level of spevificity described shove, i.c., species level
identification or toxicity information.  Nevertheless, bio-optical systems offer &
cumently realisable means of obtaining real-time duta relating 10 the algal assembluge
using a variety of platforms, sensor systems, and processing techniques {Cullen et al,
1997, Sellner et al. 2003) ranging from the empirical 1o the use of sophisticated
analytical inversion algorithms (e.g., Roesler and Boss 2003] — a recent synopsis of
svailable instrumentation snd technigues can be found in Qeeanogriphy (Vol.
17{2:Junc 2004). S

Uine particular approach will he focused on here, the use of passive radiometric sensors
in conjunciion with analvtical reflectunce inversion algorithms.  While offering a
robust, cost effective moored system wllowing the derivation of alzal binmuss, size and
dccessory pigment descriptors { Bernard 2003), the reflectance algorithm approach also
offers the ability to derive concentrations of other water constituents, such as alaal
degradation products, which may be of utility in assessing bloom growth phise.. The
approach alsp offers a significant advantage in that it allows the derivation of
equivelent geaphysical products from both in sit, airbome, or spuce-based sensors.
This offers the ability to use analogoss multi-platform derived data measured on a
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variety of temporal and spatial scales, i.e., Eulerian high frequency mooring-derived
dats and daily synoptic saellite-derived data.

Phywical and elemical observationy

The: dominanee of physical forcing mechanisms in the Benguels, the eritical role of
Bloam transport in HAB forecasting, and the desire to use date assimilation technigues
in hydrodymamic models underline the need to gather physical in conjunction with
biological data. The importance of spatial variability in wind stress as an influence on
shell transpont processes emphesises: the need for wind measurements in as many
across— and along-shelf locations as is feasible.  Temperamre profiles, indicative of
both potential ecological niches and the stratification changes likely to lead o
conditions favouring dinoflagellste blooms, are also desirmble.  Surface currents or
cuerrent profiles ofTer both o Eulerian indication of immediate bloom transport and dita
suitable for assimilation into hydrodynamic models. In this regard, there would be
ohvious advantages fo synoptic surface current data from a coastal high frequency
radar system, e.g., CODAR (Glenn et al. 2004), to greatly improve predictions of
surface bloom transpors.  Additional sensors offering the cipability of indicating the
onsel of wind reversals leading to HAB favourable conditions, owing ta lomgrshore
blocm transport, are paired pressure sensors installed around capes, as discussed here
on . 276, Such sensor pairs also represent o low-cost, low-maintenunce forecasting
tool, which may be more casily achievahle than inssallation and muintenence ofan HF
radar svsiem.

Chemical porameters of advantage that may be measured autonomously - are the
inorganic nutriens nirate, silicate, phosphate, and ammonium: the immediate wtility of
such duta would be as input to a probabilistic “ecological window” prediction model,
While strictly falling under the remit of other chapters in this velume, real-time bottom
oxygen data is of great imponance to the shon term prediction of high biomass bloom
impact in enticpl locations such as Elands Bay in the southemn Benpuela. Renl-time
botlom water pxygen sensors can be considered the single most important segment of
an operational network for forecasting the locally devastating impact of HABRs on
organisms vulnerable to hypoxic events

Sutedlite based observations

A variety of satellite derived data, allowing deseription of both bialogical and physical
vitriahles, is required for HAB forecasting, Ocean colour-based sensors offer the most
immediately useful HAB-specific duta, providing synoptic maps of surface algal
biomass on & neer real-time basis.  In addition o traditional empirically derived
chlarophyll « praducts, the use of satellite ocean colour data in conjunciion with
reflectance inversion algorithms offer experimental geophysical products that are
specifically designed for HAB monitoring application. . These intlude more accirte
estimates of algal biomass in high biomass waters and products that allow some fiorm
of assembloge deseription independent to biomass.  These inelude assemhblage size
descriptors such as the cellular effective diameter and a flunrescence quantum vield
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product al potentind ulility as a physiological proxy (Bernard 2005), While these ond
other ocean colour products offer tremendous potential for incorporation into &n
operational HAB forecasting systemy, several logistical and scientilic hurdles will need
to be overcome for routine cperational use. These mclude ennbling routine necess o
full spectrul data from sulficient sensors 1o ensure daily coverage for the region {e.g.,
MERES and MODIS) and development of optimal Magging and processing routines for
applicstion in the high biomuss waters of the Benguely, a system complex with regard
tor bath in-water hio-optics and stmospheric correction.

HAB forecasting in the Benguela necessitates that satellite data pertaining 1o the
dominant phvsical forcing mechanisms are also routinely available.  Such dots are
essential o determining: bloom pre-conditioning, transport, ‘and longevity and are
likely to play an importnt ole i any peobabilistic forecasting model in addition o
potential essimilation into hydodynamic madels. Sea surfice temperature (S5T) and
the surface wind field pre considered the most important varahles and are available
from o ranee of space based platforms. These inglude the NOAA AVHRR and NASA
MODIS missions for 55T datn (daily, ~ 1 km spatial resolution) and the NASA
CnkSCAT mission for surface winds (daily, ~ 25 km spatinl resolution, no coverage
within 50 km from eoast),  The availability of new or improved remotely sensed
priducts is also o be expected.  For example, a mission that has the potentisl to
prowide valusble high frequency 55T date is the ESA MeteoSat Second Generation
{MEG) mission {15 minutes sampling frequency, 3 km spatiel resolution ).

Platforms and ahservation systems

The establishment of permanent multi-sensor moorings, providing the kiological and
physical data necessory for bloom detection ond transport prediction, is critical to
establishing & HAB forecasting capability in the Benguela. Mooring platform
payloads have been discussed above; an additional and imponant consideration is the
lscation of the mocring{s). In the southern Benguela, HAB formation and reténtion is
in respomse to genecally well defined physicsl processes (Probyn et ol 2000, Pitcher
and Weeks, this volume) and mooring lecation should be dictated primarily by the
shelf circolation patterns nisociated with the vanous stages of bloom development,
maintenance, and decay. A powentisl complementary approach to the use of fixed
plutfizrms is the use of autonomous underwater vehicles | AUYs), sempling platforms
that are hecoming incréasingly more effective as instrument systemis are miniaturized,
deployment times are extended, and costs are lowered, These platfonms, in particular
low power gliders, have the capability to provide high frequency spatial datn
pertaining to HAR detection. However, whilst the effectiveness of such platforms has
been demonstrated elsewhere (Glenn et al. 2004), logistical demands: in their use are
still considered too high for operational uge in the Benguela in the near fAature.

Current HAB related efTons in the southern Benguela have focused on the provision of
a lightweight multi-sensor platform servicing the MNamagua shelf, carrving paired
hyparspectenl radiometers, a fluorometer, thermistor chain, and an Acoustic Doppler
Current Profiler (AIDCP). The system is designed oz o lightweight, low cost, multiple
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buoy mooring employing GSM telemerry and designed to be serviceable from small
bouts, An exnmphe af the effectivencss of the approach relative 1o bloom detection i
plrcsemed in Figure 12-2, detailing the detection of n bloom dominated by the
dinoflagellate  Propocentrum griestiming, observed in data derived from both &

prototype mooring and the Medium Resolution Imaging Sensor (MERIS) ocean eolour
SETESOT.

An qp_(:r.itinnal observation network in the southern Benguela, effective for the
prediction of HABS in the Greater St Helena Bay region (see Pitcher snd Weeks, this
‘-'{‘Ilufl'il:!l. can be briefly considered 2z oo example.  The network is considered to
consist of 8 minimum of three moorings n combination with the satellite data
discussed ahove.  Two inshore moorings, confisured in 3 similar manner to the
example platiorm discussed above; should be located in 30 m water depth offshore
from the Olifants river mouth and Lambers Bay, allowing the carly detection of
surface blooms moving in a typical southerly direction during quiescent perinds
{th}'n et al 20000, A third midshell mooring located at mid-latitude relative 1o the
inshore moorings is intended o provide meteorotogical und physical dota for
ccological window pssessment, data assimilation, and modeling validation studies, A
sehematic of the system can be seen in Figure 12-3, Finally, it must be realised that
there is still & great deal of uncedainty reparding the mechanisms underlying HAE
formation: the research value of an effective coastal observation network providing
multi-sensor data wtross @ wide range of spatial and temporal scales cannot be
understated.,

NUMERICAL MODELLING AND PREDICTION OF HAE DYNAMICS

The availability of appropristely configured and validated cireulation merdels, specific
to each sub-ecosystem region of impact, arc vital to establishing an opemtional HAB
forecasting capability. Accurate simolation of the processes responsible for shoreward
bloom transport and constal retention are the most impartant criterie for establishing
made] efficacy. These processes can be summarised s the respimse 1o anshore winds,
baroclinic instabilities, poleward pressure driven lows, and non-linear intemal wives.

Fn_-limlpur}' madellimg efforts in the region have focussed on the southerd Benguela,
employing o 31 numerical hvdrodynamic model using DelfR3D-FLOW (Pitcher et al.
in press; WL|Delft Hydraulics, 2003a) for the Greater St Helem Bay region. Tmitial
validation studies appear to show that the temporal and spatinl characteristics of
phys:ca_l variability in the St, Helena Bay — Namaqua system can be simulated with
uncertiinlies approximating 20%, While demonstrating the fensibility of simulating
the primary circulation characteristics of the system, the stedv plso reveals the
complex dynamical charscteristics of circulation and stratification and aids in
establishing model requiréments for operational forecasting,

L-IJH'I:.'!'IIL modelling efforts require improvement through the use of dynamic boundary
conditions, e, the nested ROMS (Regional Ocean Mode| System, Song ond
Huidvogel 1994) model approsch and more extensive validation data from both o
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Figure 12-3. Schematic of proposcd HAB forecasting system ft the southern Benguela.

tempornl and spatial perspective.  Validotion dara should not be rcsu‘it"_md tu:n_surl'm:l:
fields and should include date from throughout the water column. Simulation and
process oriented studies should be conducted with validaied models 1o jdentify the
dominant dynamics underlying the initation and transport of HABs,

Effective dats assimilation requires the establishment of eritical thresholds in
abservation; achieving such a critical threshold is lkely to require considerable
additional investenent in observation network structure in order to provide daty m_th i
high enough spatial density, However, the first aim of a s!mplc operatipnal model 15 10
provide a prediction of bloom shoreline impact and retention through a bloom ITGEL'IJH!_-!
approach, given initia] offshore bloom megnitude and delineation I:ru|11 nisr r:zaf.l-nml:
buoy and satellite data, This capability, where real-time observations are utilised to
determing initial model conditions for a bloom wacking simulation, should be
distinguished from a true duts assimilation capability, which is Funsl'l:lrrflhly more
complex and observationally resource imensive,  Fuorther mnd:l!mgl studies shiinldd
therefore include particle and bloom macking studies. supported by similar effors n
the ficld.

It is recommended that platform-related sources of uncertainty identified in initial
southern Hengucla modelling studies be addressed by trinsferring o the ROMS
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piatfornm, where the required boundory. condition resolution can be achieved throtgh
nesting.  There is also much 1o gain by considering several mode| structures, mnging
in complexity from the simple 200 0 complex 30 formulations. A simple altemative
to the use of complex 30 models running in real-time is the use of & pre-generared
nffline catalog of circulation scenarios; such 4 facility used in conjumction with
aviriable real-time data would offer a simple and eobust first approximation of
patential shoreline impact

CONCLUSIONS

The substantiz] complexity of the biological response amongst HAB orgianisms (e,
variability in swimming, prowth, mortality, nutrient and light acquisition, ete.] and the
inherent stochasticity of species selection and bloom events meuns that it is unlikely
thiet realistic predictions of species-leve! bloom formation can be achieved in the near
future.  The forecasting scheme outlined here provides an sltemative approach by
utilising real-time ohservation systems to replace the need 10 model biological aspects
of HAR development. |t appears that that the most pragmatic means for the prediction
of hiological HAB surfbutes in the Benguels at this time is a statistical “ecological
window™ approsch, whereby physical, chiemical, and biological real-time data are used
to predict broad taxonomic groups (e.g., diatom versus dinoffagellate dominance,
based on wrbulence criterin).  The future availability of species-targeting real-time
observation techniques would substantially improve the ahility 1o identify and predict
taxonomic HAB aspects, Until such time, routine identification of toxic HAB hlooms
will require traditional sampling methods (direct cell counts and toxin assays), since
these HAB events fall into the category of species-level forecasting,

The principal considerations with regard 1o the effects of pliysical processes on HAR
forecasting can be summarised as follows. Three dimensional coastal morphalogy,
and the spatial and temporal structure of the wind field, are the principal detesminants
afinitial physical conditions, Shoreline impact of HABS, a key forecasting parameter,
is determined principally by baroelinic. instabilitics, onshore winds associated with
wind reversals, and southerly alongshore transport nesr capes during relaxation. With
regurd 1o surfice transport in upwelling systems, alongshore fransport dominates
across-shore transporl,  Consideration must be made of variability in both locul and
remote forcing, ¢.g., coastally trapped waves, and the impect of these on HAB
transport in local flow fields. New sets of observations are also required, most
imparantly high spatial resalution wind stress, and the deplovment of pressiire sensors
around capes, given the importance of wind reversuls in the vicinity of these features
Finally, it can be concluded that while bloom and retention are amenable to prediction,
the processes underlying precondition: and formation are vrlikely o be sufficiemly
charscterised to ¢ndble prediction in the near future.

An operational, real-time observation network is critiéal o the success of regional
HAR forecasting schemes and a combinntion of multi-sensor coastal moorngs and
satellite datn are required. Offering both bislogical und physical dota, dediceted HAB
maorings should provide hyperspectral reflectance data allowing the derivation of
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algal assemblage and physiological descriptoss, surface fluorometer-derived algal
bipmass, and profiles of temperature and currents from T|1{!I'ITI11,iI¢JII' chains and AEJIL".‘P:.-.
Bottom oxygen sensors are fmportant in locations prone i 11}';I:mc|c events. Additional
chemical and meteorological sensors would be highly beneficial, as would be pressure
senisors in the vicinity of capes, and the availebility of high frequency constil adar.
(3reater continuity and greater spatial coverage are alsp necded. At present there ane a
maximum of two moorings in the entire. Benguels providing real-time HAB .I'Ellltl:lf
dota. Rouwtine availability of sppropriately processed satellite dam 15 essentiad a_ml
should consist of multi-sensor ocean colour, S3T and wind dato. Spcc':r:.rv-llargeung
real-time ohservation techniques, needed for the prediction of toxin related impacts,
are unlikely to be routinely availuble within the next few vears.

The establishment of eppropriately configured and validated eirculation n1ur.|nf1s_.
specific o cach sub-ecosystem region of impact, 5 vill o any HAB forecasting
capahility. The first aim of a simple operationsl model is to provide a prediction af
hioom shoreling impact and retention through a bloom traeking approach, given imitizl
offshore Bloom magnitde snd delineation from newr feal-time buoy and satcih_tl: :lalla.
Simple offline circulntion catmlogs can be used to provide initiel first approximation
predictions of shoreline impact.  Ultimately, it would be hm.lecll_!.c: ﬁmhljsh a
forecasting structure opersling in near real-tine, utilising ptﬂb[:bll_:lst:ll: ecological
models and complex nested 30 physical models in conjunction with data from n
variety of mulli-sensor observation platforms,
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Low Oxygen Water (LOW) Forcing Scales
Amenable to Forecasting in the Benguela
Ecosystem

PM 8 Monreire, A, K. van der Play, G W, Balley, P. Molonatte-Rizmoli, C. M.
Duncambe Boe. 0. Bernes, G, Pircher, P. Florenchie. P. Penven, J. Fiizpatrick,
AU Lass

INTRODUCTION

Episodic Low Oxygen Water [LOW) evems (day — seasonal time scoles) in the
Benguels system impact on ecosysiem properties such a5 habitar suitability for the
different life gyele stuges of economically important marine resources (Monteiro et al.
2004; van der Lingen et al. Chupters & and 14 this volume). The timing, persistence
and spatial extent of such events in the recent past have led to major morality and
shifts in distribution of economically important living maring resotreek (hake in
Namibia 1992-1094; rock lobster in South African west coast: 1990s) which impacted
on fisheries vields and continue 1o be a source of uncerteinty in forecasting fisheries
total allowable catches (TACS)

Stock nssessment models, used to forecast fishery TAC and the potential future
economic yields from a fishery, incorporate the effects of environmental uncertainty
such as LOW as a random contribution to morality. This may hsve been justified
while there was a weak understanding of the actusl scales of LOW variahility and how
they are govermned by complex interacting processes.  Recent work on long tenm dara
sets indicates thet LOW variability 15 not a random effect but can be charucterised by
specific frequency, persistence and intensity scales (Monoteiro et al, 2004),  The
incidence of event scale (days) seasonal LOW variability (weeks to months duration)
and its ecosystem impacts responds to Jonger time scales {decadal) of remote foreing.
Moreover, improved understanding of the key processes und their linkages and
response to short and long term Torcing scales is beginning to improve the feasibilicy
of reliable forecnsting {Manteiro et al. 2004; Monteiro and van der Plas, Chapter 5 rhis
vafume).

A requirement for forecasting LOW varigbility and its impact an the economic value
af ecosystem services and living marine resources is an ability to deal with the extreme
range of seales involved. Thus, while busin scales povern shelf boundary conditions
on seasonal to decadal tme scales. local event scales modulate the variability by




