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ABSTRACT
A weightedimplicit finite volumemodelis developedto simulateboth overlandand
groundwaterflow in theEvergladesNationalPark (ENP).Themodelusestrianglesto
discretizethearea,andanexternalsparselinearequationsolver to carryout thefinal
computations.The methodis implicit, and is stableundera wide rangeof triangle
sizes,andawide rangeof timesteps.

Thecodeis writtenin C++usingobjectorientedmethods.It will eventuallybepart
of a SouthFlorida Regional SimulationModel (SFRSM).The paperincludessome
early resultsfrom the applicationof the model to the ENP. Resultsshows that the
waterlevelssimulatedby themodelat a numberof selectedlocationsagreewith the
observeddata.

INTRODUCTION
Regionalsimulationmodelsplayakey rolein theplanning,managementandoperation
of thecomplex hydrologicsystemin SouthFlorida. At present,SouthFlorida Water
ManagementModel (SFWMM) is theonly availabletool for regionalanalysisof the
hydrologyof SouthFlorida.TheHydrologicSimulationEngine(HSE)wasdeveloped
to provide moreflexible anddetailedanalysiswithin the SFRSM.A numberof test
casesusedto verify thenumericalaccuracy of themodelarepresentedin thepaperby
Lal (1998).

A weightedimplicit finite volumemethodis usedin the HSE modelto solve the
diffusion typeoverlandflow andgroundwaterflow equations.Themodeldomainis
discretizedusingtriangularcellswhosewallscontroltheflow ratesinto thecellsbased
ontheManning’sequationfor overlandflow andtheDarcy’sequationfor groundwater
flow. Governingequationsaresolvedsimultaneouslyusinganhighperformanceexter-
nal sparsesolver. Resultsof a preliminaryapplicationof themodelto theEverglades
NationalPark (ENP) show a goodcomparisonbetweenmodel resultsandobserved
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data.

GOVERNING EQUATIONS
St. Venatequationsgivesthefollowing equationfor massbalanceof overlandflow.

∂h
∂t

� ∂ � hu �
∂x

� ∂ � hv �
∂y � S � 0 (1)

in which u andv arethevelocitiesin thex andy directions;h � waterdepth;S= sum-
mationof sourceandsink termsincludingrainfall, infiltration, andevapotranspiration.
Oncetheinertiatermsareneglected,HromadkaandLai (1985),andLal (1998)showed
thatthemomentumequationcanbewritten in thefollowing form.

Sc
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∂y

�
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∂H
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in which, K canbecomputedfor overlandflow usinga generalform of theManning
equationV � 1

nb
hγSλ

f (KadlecandKnight, 1966)as

K � 1
nb

hγ � 1Sλ � 1
n for λ 	 1 and 
 Sn 
�� δs (3)

K � K0 for λ  1 and 
 Sn 
�� δs (4)

Sn is computedas � � ∂H
∂x � 2 � ∂H

∂y � 2. K0 � 0 hasbeenusedby Hromadka(1985)and

K0 � hγ � 1 � � nbδ1 � λ
s � L2 � T hasbeenusedby Lal (1998)with δs � 10� 10 � 10� 5. h � 0

for dry cells.For groundwaterflow, K � transmissivity; Sc � storagecoefficientwhen
thewaterlevel is below ground;Sc � 1 at all othertimes.

THE IMPLICIT FINITE VOLUME METHOD
Usinga finite volumeformulation,themassbalanceconditionof 2-D cellsdescribing
overlandandgroundwaterflow canbegivenby

∆A � dH
dt

� Q � H � � S (5)

in which H ��� H1 � H2 ������� Hm ����� Hnc � T is a vectorcontainingthe averageheadsin all
the cells; ∆A � a diagonalmatrix whoseelement∆A � m � m � is equalto the cell area
∆Am in thecaseof acell m; Q andSarethenetinflowsandsourcetermsto cells.The
netinflow rateto acell m is givenby

Qm � H ��� ns

∑
r � 1

� F̄ � n � r ∆lr (6)

∆lr � lengthof thesider of thetriangle;n � unit outwardnormalfor facer. Cordes
andPutti (1996)andLal (1998)showedthatQm � H � canbecomputedusing

� F̂ � n � r � ∆lrKr
Hm � Hn

∆dmn
(7)
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in which ∆dmn � distancebetweencircumcentersof trianglesm andn; Hm, Hn arethe
headsat the circumcenters.Kr � K

�
Kg in which K for overlandflow is computed

using(3) or (4). Kg � groundwatertransmissivity. Sn is computedusing

Sn � � Ĥ j � Ĥk � 2
∆l2

r

� � Hm � Hn � 2
∆d2

mn
(8)

In thesemi-implicit formulationthecomputationof flow from cell n to m involvesthe
modificationof thefollowing matrixelementasit receiveswaterin cell m:

Mm � n � Mm � n � Kr∆lr
∆dmn

� Mm �m � Mm �m � Kr∆lr
∆dmn

(9)

ElementsMn �m, Mn � n aremodifiedsimilarly dueto waterlossesfrom thedonorcell n.
Equation(9) canbe usedwith a time weightingfactorα to formulatethe following
systemof equationswhich becomesexplicit andimplicit for α � 0 and1 (Lal, 1998).�

∆A � α∆tMn  1!#" ∆H $ ∆t
�
Mn !#" Hn % ∆t & 1 � α ' �Mn � Mn  1 !("Hn % ∆t

�
αSn  1 % & 1 � α ' Sn ! (10)

Here, Qn � Mn � Hn. The solution H is usedto updatethe headsusing Hn � 1 �
Hn �

H.

USEOFTHE OBJECTORIENTEDCODEDESIGN

The C++ languagewas usedin the developmentof the model, mainly to build
flexibility , so that the model could adaptand evolve without drasticmodifications.
While this flexibility wasthoughtto benecessaryafterthemodelwasfully developed
andthroughoutits usefullife, theadvantagesof theobject-orientedapproachhavebeen
seenevenin theearliestdevelopmentstages.

The physicaldomain is ideally suited to be implementedas objects. Dif ferent
classesdescribeElements,Nodes,andWalls. Eachof theseobjectsrepresenta dis-
tinct area,location, or boundary, respectively. The interconnectionsbetweenthese
objectsrepresentadjacenciesin physical,ratherthanconceptual,location. Eachob-
ject containsattributesthat help it perform a physicalbasedfunction–Elementsare
placesto storewater, Walls arethe meansof water transfer, andNodesare location
andconnectivity placeholders.Figure1 shows a classdiagramandthe correspond-
ing representationof an examplephysicalsystem.The large numberof connections
betweenobjectsallows fast,directaccessto informationstoredin nearbyobjects.

Becausethe transferof waterbetweenElementsis throughWalls, the Wall class
hastheresponsibilityof computinghow muchflow occurs.To do this it usesavariety
of user-selectablemethodsthat modeloverlandandgroundwaterflow. A linearized
coefficient is producedby eachof thesemethodsandinsertedinto ∆A. Thefinal value
storedin ∆A is acombinationof all theflow methodsandindicatesthetotalamountof
watertransferredbetweenElements.
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#id: int
)
#length: float
)
#flowlength: float
)
+Node1(): Node*
+node2(): Node*
+computeOLFlow(): void
+computeGWFlow(): void
+NoFlow(): void
+DarcyLineInt(): void
+DarcyDirect(): void
+DarcyCircle(): void
+MannLineInt(): void
+MannDirect(): void
+MannCircle(): void
+WeirFlow(): void

Wall

FiniteVolume

walls

-id: int
-index: int
-area: float
-h0: float
+index(): int&
+h0(): float
+centroid()
+area(): float
+SpecificArea(): double
+Depth(): float
+Manning(): float
+LandSurface(): float
+Sy(): double
+Transmissivity(): double

Element

Element1
Element2  

#id: int
+avehead(): double
+Wet(): int

Node

Node1
Node2

flowtype
OLtype
GWtype

flowFunc GWFlowComputation
OLFlowComputation

nodes elements

Wall

Element

Node

Adj Elements

Figure1: Objectdiagramandits relationshipto themodeldomain.

(c) (d)

(b)

(a)

NP-34
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*

Figure2: (a) The modellocation. (b) A finite volumemeshdiscretization.(c) Land
surfaceelevation;contourinterval of 0.25m. (d) Vectorflow field.
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APPLICATION TO THE EVERGLADESNATIONAL PARK

EvergladesNationalPark(ENP)is thelargestremainingsub-tropicalwildernessin
thecontinentalUnitedStates.This is aflat landscapewhichwasoncea120mile long,
50 mile wide ”ri ver of grass”. The ENP areashown in Figure2 is discretizedusing
1134triangles,andis subjectedto externalflow boundaryconditionsalongtheNorth-
ern and the Easternboundaries.Boundaryinflow/dischargesare obtainedfrom the
SFWMM simulations.Thedownstreamboundaryis assumedto bea free-flow bound-
aryacrosswhichwateris releasedto theoceanbasedonaconstantheadassumption.A
onedaytimestepwasusedin thesimulationfor which thedaily rainfall anddischarge
datawasalsoprovidedat 1 dayintervals.Themodelwascalibratedusinga conjugate
gradientmethod(Lal, 1995),duringwhich local cropcoefficientsin theevapotranspi-
ratonequationsandthemanning’sroughnesscoefficientswereadjustedto reflectlocal
waterlevel variationsmoreaccuratelyin theoutput.

RESULTS AND DISCUSSION
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Figure3: A comparisonof resultsat gagesNP-34andSWEVER-4.

The model output consistof the averagewater levels in the cells and the water
velocitiesof overlandflow and groundwater flow components.Figure 2c and 2d
show acontourplot of landsurfaceelevations,andavectorplot showing theflow field
during a typical wet seasonday in August,1991. Thesefiguresshow detailedflow
patternspreviouslynot seenwith modelsthatuselower resolutions.
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Figure3a and 3b show a comparisonof observed andsimulatedwater levels at
two waterlevel at two differentregionsof the modeldomain. The figuresshow that
themodeloutputfollowstheobservedvaluesbetternearcenterof theundisturbednat-
ural areasthanin areascloserto urbaninfluence.
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