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1. Introduction1. Introduction

List of Research Projects involved:List of Research Projects involved:

a)a) ECONARECONAR ---- EEcologicalcological ConConnectivitynectivity AAmongmong RReefs in theeefs in the
Caribbean SeaCaribbean Sea

b)b) NestedNested--grid modelgrid model developmentdevelopment for thefor the ScotianScotian ShelfShelf

c)c) Research Chair program funded by NSERC/MARTEC/MSCResearch Chair program funded by NSERC/MARTEC/MSC

d)d) HighHigh--resolution coastalresolution coastal modellingmodelling project as part ofproject as part of CMEPCMEP
(Center for Marine Environmental Prediction)(Center for Marine Environmental Prediction)

e)e) Environmental Assessments of Carol Reef Ecosystems:Environmental Assessments of Carol Reef Ecosystems:
Interdisciplinary Research Using EOS Platforms andInterdisciplinary Research Using EOS Platforms and
Numerical models funded by NASA.Numerical models funded by NASA.



Coral reefsCoral reefs contain about onecontain about one--quarter of the marine fish species.quarter of the marine fish species.
Coral reefsCoral reefs are howeverare however in serious dangerin serious danger due to both natural anddue to both natural and
manman--made causes:made causes:

Population growth and developmentPopulation growth and development have altered the coral reef environment.have altered the coral reef environment.

Destructive fishing practicesDestructive fishing practices, land, land--based sources ofbased sources of pollutionpollution such assuch as
agricultural runoff have detrimental effects on delicatagricultural runoff have detrimental effects on delicate reefs.e reefs.
Global warmingGlobal warming also has the potential to be destructive to corals (seaalso has the potential to be destructive to corals (sea--levellevel
rise and higher ocean temperature).rise and higher ocean temperature).

a) ECONAR project:



•• US$24.2 million grantUS$24.2 million grant to protect theto protect the MesoMeso--
American Barrier Reef System (MBRS)American Barrier Reef System (MBRS) provided byprovided by

Global Environment Facility (World Bank)Global Environment Facility (World Bank),, World Wildlife FundWorld Wildlife Fund

Belize, Canada, Guatemala, Honduras, MexicoBelize, Canada, Guatemala, Honduras, Mexico
University of Miami, Oak FoundationUniversity of Miami, Oak Foundation

•• CDN$0.5 million grantCDN$0.5 million grant to studyto study ECONAR in theECONAR in the
Caribbean SeaCaribbean Sea provided by NSERC (Naturalprovided by NSERC (Natural
Sciences and Engineering Research Council,Sciences and Engineering Research Council,
Canada)Canada).. My research team was responsible for:My research team was responsible for:

•• Developing a threeDeveloping a three--dimensional ocean circulationdimensional ocean circulation
models for the Caribbean Seamodels for the Caribbean Sea (two(two--way nestedway nested--gridgrid
model)model);;

•• DeterminingDetermining particle dispersion and retention amongparticle dispersion and retention among
reefs in the regionreefs in the region (Markov Chains approach)(Markov Chains approach)..



b) Nested Model Development for the Scotian Shelf:

Canada

Greenland

Scotian Shelf

Gulf Stream

North Atlantic Current

Labrador Current



2. CANDIE: Primitive Equation Ocean Model2. CANDIE: Primitive Equation Ocean Model

• CANDIECANDIE stands forstands for CANCANadianadian version ofversion of DieDiecastcast..

•• DDeveloped by Sheng, Wright,eveloped by Sheng, Wright, GreatbatchGreatbatch, and Dietrich (1998)., and Dietrich (1998).

•• A threeA three--dimensional (3D), fully nondimensional (3D), fully non--linear, primitive equation,linear, primitive equation,
finitefinite--difference, zdifference, z--level model.level model.

•• Numerical scheme:Numerical scheme: 4th4th--order of accuracy with a flux limiterorder of accuracy with a flux limiter forfor
advection termsadvection terms

•• CANDIECANDIE has been subjected to several rigorous tests, using testhas been subjected to several rigorous tests, using test
problems with known solutions, an important process for buildingproblems with known solutions, an important process for building
confidence in a numerical model.confidence in a numerical model.

•Website: www.phys.ocean.dal.ca/programs/CANDIE



(Sheng et al., JGR, 2001) (Sheng, JPO, 2001)

(Lu et al, CJFA, 2002) (Sheng and Tang, JPO, 2003; OD,2004)

(Sheng, 2001, JPO)

(Sheng and Tang, 2003, JPO)



Major ApplicationsMajor Applications

1.1. WindWind--driven circulation over a coastal canyon (driven circulation over a coastal canyon (Sheng,Sheng, GreatbatchGreatbatch,,
Wright and Dietrich, JAOT, 1998Wright and Dietrich, JAOT, 1998).).

2.2. Process studies of the densityProcess studies of the density--drivendriven GaspeGaspe Current (Current ( Sheng,Sheng,
JPO, 2001JPO, 2001).).

3.3. Seasonal circulation in the northwest Atlantic Ocean (Seasonal circulation in the northwest Atlantic Ocean (Sheng,Sheng,
GreatbatchGreatbatch and Wright, JGR, 2001and Wright, JGR, 2001).).

4.4. Internal tide generation over topography (Internal tide generation over topography (Lu, Wright andLu, Wright and
BrickmanBrickman, JAOT, 2001, JAOT, 2001).).

5.5. Tidal circulation and mixing in the Gulf of St. Lawrence (Tidal circulation and mixing in the Gulf of St. Lawrence (Lu,Lu,
Thompson and Wright, CJFAS, 2001Thompson and Wright, CJFAS, 2001).).

6.6. General circulation in the western Caribbean Sea (General circulation in the western Caribbean Sea (Sheng and Tang,Sheng and Tang,
JPO, 2004JPO, 2004).).

7.7. TwoTwo--way nestedway nested--grid ocean model for the MBRS (grid ocean model for the MBRS (Sheng and Tang,Sheng and Tang,
Ocean Dynamics, 2004Ocean Dynamics, 2004).).

8.8. HighHigh--resolution tidal simulations in Lunenburg Bay (resolution tidal simulations in Lunenburg Bay (Sheng andSheng and
Wang, ECM8, 2004Wang, ECM8, 2004).).





DiagnosticDiagnostic vsvs Prognostic MethodsPrognostic Methods

Diagnostic Method:

Calculates ocean currents from specified temperature and salinity fields.

•Relatively easy and straightforward to run.

•Robust in multi-year simulations.

•Wrong model for studying the interaction of temperature/salinity fields
with the flow field.

•Wrong model for studying winter convective mixing.

Prognostic Method:

Calculates ocean currents, together with temperature and salinity fields.

•Capable of simulating baroclinic instability.

•Capable of estimating winter convective mixing.

•Sensitive to subgrid-scale mixing parameterizations

•Deteriorating model skill in longer simulations.
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Sheng et al., 2001 (JGR); Eden et al., 2004 (JPO);
Greatbatch et al., 2004 (CSR); Zhao et al., 2004 (GRL,submitted)
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• For the inner model:

• For the outer model:

o and i are set to 0.5 in this study

• Conventional nesting techniques:Conventional nesting techniques:

Exchange information through the dynamic interfacesExchange information through the dynamic interfaces ((KuriharaKurihara et al., 1979).et al., 1979).

Replace the outer model variables with the inner model variableReplace the outer model variables with the inner model variables over thes over the

commoncommon subregionsubregion ((OeyOey and Chen, 1992).and Chen, 1992).

•• The new twoThe new two--way nesting technique:way nesting technique:

Exchange information between nested grids using the semiExchange information between nested grids using the semi--prognosticprognostic

methodmethod (Sheng et al., 2001; Eden et al., 2004;(Sheng et al., 2001; Eden et al., 2004; GreatbatchGreatbatch et al., 2004; Zhai et al., 2004).et al., 2004; Zhai et al., 2004).

A New Two-Way Nesting Technique using
the semi-prognostic method



4.2 One-Way and Two-Way Nested Models

OneOne--Way Nested Model:Way Nested Model:
CoarseCoarse--resolution outer model results are used to specifyresolution outer model results are used to specify

boundary conditions of the fineboundary conditions of the fine--resolution inner model.resolution inner model.

TwoTwo--Way Nested Model:Way Nested Model:
Outer model results are used to specify boundary conditions ofOuter model results are used to specify boundary conditions of

the inner model.the inner model.

In addition, the semiIn addition, the semi--prognostic method is used to exchangeprognostic method is used to exchange
information between the inner and outer modelsinformation between the inner and outer models



Outer Model (19 km)Outer Model (19 km)

Inner Model (2 km)Inner Model (2 km) Middle Model (6 km)Middle Model (6 km)

(Sheng and Tang, Ocean Dynamics, 2004)

44.. Application to the Caribbean SeaApplication to the Caribbean Sea



February Mean Near-Surface Temperature



February Mean Sub-Surface (61 m) Temperature



February Mean Near-Surface Circulation

PCG

CS

CS





Near-surface currents
during the 1990s
Determined from satellite-tracked
drifters by Fratantoni (JGR, 2001)Caribbean Sea

North Atlantic Sea



Calculated and Observed Near-Surface Currents

(Data from David Fratantoni, WIO)



ObservedObserved and calculated alongand calculated along--channel Currentschannel Currents
(Data from Sheinbaum et al., 2002)

Observations

Simulated



Calculated and climatological monthly mean T



Comparison of Calculated and Observed Surface Currents

Two-Way

One-Way



Scatter-plots of Calculated and Observed Surface Currents



Ecological Connectivity Among Coral ReefsEcological Connectivity Among Coral Reefs
Using aUsing a Markov Chain ApproachMarkov Chain Approach

•• The 1The 1stst order Markov chain approach is used to develop aorder Markov chain approach is used to develop a
coupled physicalcoupled physical--biological model to predict retention andbiological model to predict retention and
dispersion of particles among different coral reefs.dispersion of particles among different coral reefs.

•• The probability distribution of particle position at timeThe probability distribution of particle position at time t+t+tt isis
given as (Thompson et al., 2002):given as (Thompson et al., 2002):

XXtttt) = P *) = P * X(tX(t))

X(tX(t)) =[x=[x11(t), x(t), x22(t), x(t), x33(t),(t),…… xxnn(t(t)] is a vector describing)] is a vector describing
the probability distribution of particle position at time t;the probability distribution of particle position at time t;

PP is ais a n x nn x n transition probability matrix describing thetransition probability matrix describing the
probability of any particle from regionprobability of any particle from region rrii at time t to regionat time t to region rrjj
at time t+1.at time t+1.





Spring Fall



Outer Model (1/3Outer Model (1/3oo, ~20 km), ~20 km)

Inner ModelInner Model (7(7 km)km)

(Zhai’s M.Sc. Thesis, 2004, Zhai, Sheng and Greatbatch, ECM8, 2004)

55.. Application to theApplication to the ScotianScotian ShelfShelf



Predicted Observed

Sea Surface Fields in February

Sea Surface Fields in May



Time-Depth Distribution of Temperature



Comparison of Predicted and Observed
Sub -Surface Circulation

Blue arrows are speeds of less than 5 cm/s. Red arrows are speeds of
greater than 5 cm/s.

Predicted Observed



Inner Model

Outer Model



SSP: two-way nesting
using the smoothed
semi-prognostic
method

OSP: two-way
nesting using the
original semi-
prognostic method



Comparison with DataComparison with Data [[FratantoniFratantoni (2001)(2001)]]

Black:
observed currents

Blue:
predicted currents
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Numerical Study of StormNumerical Study of Storm--induced circulationinduced circulation
During Hurricane JuanDuring Hurricane Juan

•• HurrianeHurriane Juan was a catJuan was a cateegorygory--22
hurricane that made landfall inhurricane that made landfall in
Nova Scotia, as one of theNova Scotia, as one of the
most powerful and damagingmost powerful and damaging
hurricanes to ever affecthurricanes to ever affect
Canada.Canada.

•• The nestedThe nested--grid model is usedgrid model is used
to simulate the stormto simulate the storm--inducedinduced
circulation on thecirculation on the ScotianScotian ShelfShelf
associated with Hurricane Juanassociated with Hurricane Juan
on September, 28 and 29, 2003on September, 28 and 29, 2003

•• M. Sc. thesis research byM. Sc. thesis research by
XiaomingXiaoming ZhaiZhai..

Hurricane Juan



Damages Made by Juan (Sept. 29, 2003)Damages Made by Juan (Sept. 29, 2003)



Storm track of Hurricane Juan





The Oceanic Response to a Moving Storm Using theThe Oceanic Response to a Moving Storm Using the
TwoTwo--Way NestedWay Nested--Grid ModelGrid Model

(a) Without Storm

(b) With Storm



Near-Surface Currents due to Hurricane Juan



Differences in Near-Surface Currents and SST (inner model)



Differences in Near-Surface Currents and SST (outer model)



Spreading of NearSpreading of Near--Inertial EnergyInertial Energy





(Dr. Jim Chuang and his students)



(Dr. Jim Chuang and his students)



SummarySummary and Conclusion:and Conclusion:

•• TheThe semisemi--prognostic methodprognostic method (Sheng et al., 2001; Eden(Sheng et al., 2001; Eden
et al., 2004;et al., 2004; GreatbatchGreatbatch et al., 2004) was used to reduceet al., 2004) was used to reduce
model errors and also used to develop a twomodel errors and also used to develop a two--wayway
nestednested--grid model.grid model.

•• A 3D primitiveA 3D primitive--equation ocean model known as CANDIEequation ocean model known as CANDIE
((ShengSheng et al., 1998) was used in the development of aet al., 1998) was used in the development of a
twotwo--way nestedway nested--grid ocean circulation model for thegrid ocean circulation model for the
western Caribbean sea (western Caribbean sea (ShengSheng and Tang, 2003, 2004).and Tang, 2003, 2004).

•• Model reproduces manyModel reproduces many wellwell--known circulation featuresknown circulation features
inin the Caribbean Sea,the Caribbean Sea, including theincluding the main pathway of themain pathway of the
Caribbean CurrentCaribbean Current andand the Panamathe Panama--Colombia GyreColombia Gyre..

•• The model was also used to simulate the stormThe model was also used to simulate the storm--inducedinduced
circulation associated with Hurricane Juan on thecirculation associated with Hurricane Juan on the ScotianScotian
Shelf (Shelf (ZhaiZhai, 2004;, 2004; ZhaiZhai et al., 2004).et al., 2004).


