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NUMERICAL TREATMENT OF AQUATIC
VEGETATION

Hye Keun Lee
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Abstract: The presence of the vegetation causes damping of the wind, wave and current fields. To provide realistic

simulation of wind-driven circulation in the presence of vegetation, this study developed a simplified vegetation model

which parameterizes the effect of vegetation in terms of added “form drag” terms in the momentum equations.
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1. INTRODUCTION

The western portion of Lake Okeechobee,
florida, U.S.A, is covered with an extensive
amount of vegetation. The vegetation can affect
the circulation in several different ways. First of
all, wind stress over the emergent vegetation is
reduced below that over the open water. Fur-
thermore, the submerged vegetation introduces
drag force to the water column. Because most of
the vegetation stalks are elongated cylinders
without large leaf areas, the drag force is pri-
marily associated with the profile drag (or form
drag) instead of the skin friction drag. The pro-
file drag can reduce the flow and is proportional
to the “projected area™ of vegetation in the di-
rection of the flow.

The presence of vegetation also can affect the
turbulence in the water column. The characteris-
tic sizes of the horizontal and vertical eddies are
generally reduced by the vegetation. This usu-
ally leads to a reduction of turbulence, although

some wake turbulence may be generated on the
downstream side of vegetation.

In order to simulate the effects of vegetation,
several approaches have been undertaken in
previous investigations. For example, Saville
(1952) and Sheng et al. (1991) used an empirical
correction factor to simulate the reduction of
wind stress over the vegetation area. Sheng et al.
{1991) also adjusted the bottom friction coeffi-
cient over the vegetation area. For simplicity,
however, Sheng et al. did not include the effect
of vegetation on mean flow and turbulence in
the water column, because the primary focus of
that study was the internal leading of nutrients
from the bottom sediments in the open water
zone. Whitaker ¢t al. (1975) developed a
two-dimensional, vertically-integrated model of
storm surges in Lake Okeechobee. The profile
drag created by the vegetation was included in
the linearized vertically-integrated equations of
motion, which did not contain the nonlinear and
diffusion terms. Sheng (1982) developed a
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comprehensive model of turbulent flow over
vegetation canopy by considering both the pro-
file drag and the skin friction drag in the mo-
mentum equations in addition to the reduction of
turbulent eddies and the creation of turbulent
wake energy. Detailed vertical structures of
mean flow and turbulence stresses were com-
puted by solving the dynamic equations of all
the mean flow and turbulent quantities. Model
results compared well with available mean flow
and turbulence data in a vegetation zone.

For the present study, due to the lack of de-
tailed data on vegetation and mean flow and
turbulence in the vegetation zone, a relatively
simple vegetation model which i1s more robust
than Whittaker et al.’s model yet simpler than
Sheng's 1982 model is developed. Due to the
shallow depth in the vegetation zone, it is feasi-
ble to treat the water column with no more than
When the height of vege-
tation is greater than 80% of the total water

two vertical layers.

depth, the flow Is considered to be one-layer
flow, i.e., the entire water column is considered
to contain uniformly distributed vegetation.
When the height of vegetation is between 20%
and 80% of the total water depth, the flow is
considered to be two-layer flow, i.e., the water
column consists of a water layer on top of a
vegetation layer. The vegetation effect is ne-
glected when the height of vegetation is less
than 20% of the total depth. The profile drag
introduced by the vegetation can be formulated

in the form of a quadratic stress law:

?(‘GH‘O,D}' =p c'dﬁl'!_“l |AN (l)

where u is the vertically averaged velocity in the
vegetation layer (layer 1), p is the density of
water, 4 is the projected area of vegetation in

the direction of the flow, ¥ is the number of
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stalks per unit horizontal area, and ¢, is an em-
pirical drag coefficient. Tickner (1957) per-
formed a laboratory study. Strips of ordinary
window screen 0.1 foot in height were placed
across a channel to simulate a vegetative canopy.
Using Tickner’s experimental results, Whitaker
et al. (1975) calculated ¢, (1.77) which was used
in this study. Roig and King (1992) showed ¢; is
a function of Froude Number, Reynolds Number,
vegetation height, spacing, and diameter of
vegetation. As the water level changes, the flow
regime over a vegetation area may change from

one-layer to two-layer flow, and vice versa.
2. GOVERNING EQUATIONS

Let us consider an (x, y, z) coordinate system
with the velocity components in the (x, v, z} di-
rections as (u, v, w). The lower layer (layer I) of
the water column is covered with vegetation,
while the upper layer {layer ) is vegetation-free
(Fig. 1).

Flow in the vegetation layer (i, v|) and flow
in the vegetation-free layer (u2, v;) both satisfy

the equations of motion.

Equations for the Vegetation Laver

(LayerI)
Bﬂ+8u12 +5ulv| N Crrywy =ﬁi“_l6p_]+_5_ Ay Gy
at fei' ay oz p & ox ax
+i[,4ﬁ '{i}-i[m af']
(7}' 'z [#x4
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on oum O o oo Lip @l
&t dr dv oz p &y & o
+£ Ay Vi +£ Avﬁ
oy &y | Oz dz
(3)
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Fig. 1. Schematics of flow in vegetation zone
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Integrating Equation (4) vertically:
p=p,+pE(c-2) (5)

Intcgrating Equations (2) and (3) vertically
from z=—h to z=—;
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where Li=h-! and U; and ¥V, are the verti-

cally-integrated velocities within the vegetation
layer:
(L) = [ s @®)

ty: and t,, are bottom stresses, 7; and 7, are in-
terfacial stresses between layer I and layer II,
and F,, and F; are form drags due to the vege-
tation canopy.

Equations for the Vegetation-Free

Layer (Layer lI)

P
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Integrating Equation (9) and (10} vertically
fromz=—i{to z=—¢ and defining I,=/+¢:
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where U, and ¥ are the vertically-integrated

velocities within the vegetation-free layer:

¢
Uz, ¥a)= [Guy,vy)dz (13)
-t

Equations for the Entire Water Column

Instead of solving the above equations for the
vegetation layer and the vegetation-free layer, it
is more convenient to solve the vertically - inte-
grated equations for the entire water column,
which can be readily derived by combining the
equations for the two layers. First, the verti-
cally-integrated velocities over the entire water
column in the vegetation zone, {/ and ¥, can be

defined as

(U= (U +Uz, W + V) =i + Ly Ly + Lyvy)
(14)

whereu,, u,, v, andv, are vertically - aver-

aged velocities within layer 1 and layer II, re-
spectively, while L, and L, are the thicknesses of
layer I and layer II, respectively.

Adding the U, equation and the U; equation
leads to

2 2
e (v ui +g[ﬂ+%}gﬁgx=ﬁ
o alh L) alL I

1
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(15)
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while the summation of the ¥ equation and the
V5 equation results in

2 2
6_V+£ %4.% +i VL+V_2 +gHg‘y1*ﬂJ
a &l L L) alL L
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All the stress terms are computed as the

quadratic power of the flow velocity. For exam-
ple, 7., and z;, are computed as quadratic fune-
tions of the wind speed, 7,, and 7, are computed
as quadratic functions of U/ and V, and r;, and 7;,
are quadratic functions of (U;—U)) and (V- F)).
The form drags assoctated with the vegetation

are!
uit+n (v,
Fcr:'p CdAIN.tL—lr (17)
TR (Vl J
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where ¢, and ¢ ; are empirical drag coefficients.
An additional equation that must be satisfied
is the continuity equation:

£+B_U+.a.{i:[)
& & oy

@n
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Dimensionless Equations in Curvilinear Grids

The above dimensional equations were pre-
sented to illustrate the develepment of the vege-
tation model. In the curvilinear-grid model,
however, dimensionless equations in curvilinear
grids are solved. These dimensionless equations
are presented in the following in terms of the
contravariant velocity components in two lay-

ers(Lee, 1993):

Uf
Ol e, (22)
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we can obtain the following equations for the
entire water column:
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The dimensionless continuity equation in the
curvilinear grids becomes:

o[ 2 lmoh Slev]-o 6o

3. VEGETATION PARAMETERS

The distribution of aquatic vegetation in Lake
Okeechobee was determined by the use of re-
cent satellite imageries and ground truth data
obtained during field surveys. Satellite image-
ries from the SPOT satellite were received and
processed to create a vegetation map of Lake
Okeechobee (Richardson, J. R., personal com-
munication, 1991). This map was overlayed
onto a curvilinear grid. The number of pixels
with the same color was counted to classify the
vegetation type on each grid cell, The vegetation
data include the vegetation class, the height of
vegetation, the number of stalks per unit area,
and the diameter of each class. A total of more
than 25 kinds of vegetation were identified. The
range of vegetation height is between 0.5 m and
4 m. The density ranges from 10 stalks per m’ to
2000 stalks per m* of bottom area, while the
diameter of the stalks ranges from 0.25 emto 15
¢cm. The most popular type of vegetation was
cattail.

Each type of vegetation has a different di-
ameter and height. For simplicity, in this study it

Water Enginecring Research, Vol. I, No. 4, 2000

was assumed that all types of vegetation have
cylindrical stalks. Table 1 shows the various
types of vegetation found in Lake Okeechobee.

To represent the vegetation distribution accu-
rately, the concept of “equivalent vegetation
density™ is introduced. The equivalent vegeta-
tion density is defined as the equivalent number
of stalks with 1 cm diameter per unit horizontal
area which will give the same total “projected
area.” H, however, the effect of skin friction
drag due to vegetation is more important, then
the “equivalent vegetation density” has to be
defined n terms of the total “wetted area” rather
than the total “projected area.” The procedure
for incorporating the vegetation information into
our model is described as follows.

Let
d; = the diameter of the i-th vegetation type

[em].
p;= the number of stalks of the i-th
vegetation type per unit area,
h; = the height of the i-th vegetation type in the
grid cell [m],

D = the average water depth in the grid cell [m],
A = the total area of the grid cell [m°], and
P; = the percent area occupied by the
i-th vegetation type within the total area of the
grid cell

The sum of the heights of all the plants in the
grid cell, A, is

H=3 p*h*P/100* A (37
i

and the total number of stalks of the plants in
the grid cell, T, is

T=% p;*B/100% 4 (38)

i

whercupon the average height of vegetation in
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Table 1. Vegetations in Lake Okeechobee (From Richardson, 1991)

Value Points Acres Y% HEiTg]ht [[);?;lzt]y Dia{m}:ter Description
0 41631 | 38228.64 0
1 36 33.058 0.01 2.5 10 2 | Buttonbush
2 2737 | 2513315 0.57 4 30 § | Melaleuca
3 5699 | 5233.241 1.18 2.5 10 5 | Willow
4 43 39.486 0.01 1 2000 0.25 | Spartina
5 43433 | 39883.37 9.03 25 50 7 | Cattail
6 39751 3650.138 0.83 1.5 40 15 | Sawgrass
7 1195 | 1097.337 0.25 5 10 2 | Mixed Upland
8 4712 | 4326905 0.98 1 500 0.25 | Rhynchospora
9 36 33.058 0.01 0.5 10 1 | Sagitaria/pontedaria
10 11458 | 10521.57 2.38 1 2000 0.25 | Mixed grasses
1 1316 | 1208.448 0.27 0 7 1 | Nymphae
12 6836 | 6277318 1.42 1 60 0.25 | Eleocharis
13 36 33.058 0.01 5 10 2 | Guava
14 44 40.404 0.01 0 100 5 | Hyacinth
15 4029 | 3699.724 0.84 2.5 50 2 | Scirpus
16 370750 | 3404499 77.08 0 0 0 | Open Water
17 196 179,982 0.04 0 0 0 | Periphyton
18 5344 1 4907.254 1.11 1 100 0.25 | Eleocharis/periphyton mix
19 2365 | 2171.717 0.49 1 100 0.3 | Nymphae/eleocharis mix
20 2759 | 2533.517 0.57 0.5 15 3.5 | Lotus
21 2238 | 2055.096 0.47 0 * * | Submerged
22 2724 | 2501.377 0.57 2 12 5 | Cattail/nymphae mix
23 714 655.647 0.15 2.5 50 5 | Phragmites
24 278 255.28 0.06 1 50 0.3 | Maidencane
25 39352 | 3629.017 0.82 ** ** ** | Exciuded
26 873 801.633 0.18 1 2000 0.25 | Spartina/panicuni mix
27 30 27.548 0.01 0 0 0 | Airboat trails
28 3181 | 2921.028 0.66 l 100 1 | Successional disturbed
1 * provides no wind resistance but considerable cross section resistance ta flow
2 ** area diked preventing surface water flow
the grid cell, H apy, 15 determined by this method is shown in Fig. 2.

The projected area occupied by the i-th vege-
Heanopy = HIT 39 tation type in the grid cell is

The distribution of H.g,. in Lake Okeechobee ;= pytdphy *F /1007 4 (40)
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Yegetation Height

Unit + m

Fig. 2. Distribution of vegetation height in Lake
Okeechobee

and the total projected area occupied by plants
in the cell is

S=3aq (41)

whereupon the equivalent vegetation density is

N=§ia* Hcanopy * Dcanopy) (42)

where &; is assumed to be 1 cm. However, if we
assume the height of cach vegetation type is the
same as average water depth in the cell, &, is
replaced by D in Equation 40 and H_,,, is re-
placed by D in Equation 42. The distribution of
N in Lake Okeechobee is shown in Fig. 3.

The value of the profile drag coefficient for a
cylinder, ¢, was set to be 1.77 in this study.
Whitaker et al.(1975) estimated the interfacial
stress coefficient, ¢4, by calibrating the
one-dimensional surge model with the observed

quasi steady-state surface profile in Lake Okee-

Water Engineering Research, Vol. 1, No. 4, 2000

Yegetation Distributian

Number of stalks/Cmxx2x16000.

Fig, 3. Distribution of vegetation density in Lake
Okeechobee

chobee.

4. APPLICATION TO LAKE
OKEECHOBEE

Lake Okeechobee, located between latitudes
27°xi2° N and 26°x40° N and longitudes
80°x37° W and 81°x<08'W, is the largest fresh-
water lake in America, exclusive of the Great
Lakes. With an average depth of approximately
3m, and the deepest part less than Sm deep, the
basin is shaped like a very shaltow saucer. The
western part of the lake contains a great deal of
emergent and submerged vegetation. According
to satellite photos, marsh constitutes 24% of the
lake surface area.

During the fall of 1988 and the spring of 1989,
field data were collected by the Coastal and
Oceanographic Engineering Department, Uni-
versity of Florida. Six platforms were set up in
Lake Okeechobee. Measured data at these six
platforms include wind, current, water tempera-

ture, wave, and turbidity. In this study, wind data
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Fig. 4. Simulated (solid lines) and measured (dotted lines) currents at Station C (Arm 3: East-West direction)

were used to compute the wind stress field,
which is an essential boundary condition for the
simulation of the wind-driven circulation. Cur-
rent data were used to calibrate and validate the
3-D hydrodynamics model.

The first step for simulation is to select the
grid and grid size. Rectangular Cartesian grids
were widely used in hydrodynamic models.
These grids are easy to generate but have a dis-
advantage.

Because these grids have to represent the
boundaries in a stair-stepped fashion, they can-
not represent the complex geometry accurately
unless a large number of grid points are used.

Complex boundaries can be represented more
accurately by using the curvilinear grid for a
general 2-D region with boundaries of arbitrary
shape and with boundary intrusions and internal
obstacles, such as islands.

A horizontal grid consisting of 23 by 28
points was generated by use of a grid generation
program WESCORA for this study. Vertically 8
layers were used.

Model results were compared with field data
at two stations. Station C were located in the
middle of the lake. Station B was located in the
weslermn portion.

Time series of wind stress at Station C show
that the wind field 1s temporarily varying.
Therefore, spatially and temporarily varying
wind stress field was used for the simulation.
Time series of the wind stress field shows that
there is a significant diurnal variation of wind
speed(Fig. 4). Wind is calm early in the morning
and strong in the afternocn and becomes calm
again in the late night.

Currents at Station C are measured at Arms 1,
2 and 3, which are at the height of 17%, 33%,
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Fig. 5. Simulated (solid lines) and measured (dotted lines) currents at Station C (Arm 1: North-South direction}

and 78% of the total depth above the bottom,
respectively. When the wind is light, the meas-
ured currents are usually small. As the wind
increases in the afternoon, the surface currents
follow the wind direction. However, when the
wind speed reduces, the setup is released and the
currents change the direction.

Therefore, general time history of measured
currents have two peaks: a positive peak when
the flow is from west to east during increasing
easterly wind and a negative peak when the flow
is from east to west during decreasing easterly
wind.

Simulated results faithfully show the general
trends of data as well as peaks{Figs. 4 and 5).

Wind direction at Station B is mainly toward
the west during the two weeks. Measured cur-
rents at both arms show that the direction is to-
ward the southwest. Arm 1 was at 16% of the

total depth above the bottom. The average cur-
rent at arm 1 is 3 cm/sec. A comparisen of the
model results with ficld data at arm 1 shows that
the directions agree well. As shown in Figs. 6
and 7, the model could simulate the time of peak
currents well. There is a discrepancy of ap-
proximately 1 cm/sec between the simulated and
measured average currents. Considering the
accuracy of current meters, this difference is
considered negligible. However, the peak values
of model currents are somewhat smaller than
the field data, as it was found for Station C.

Arm 2 was at a height of 75% of the total
depth. A comparison of the model current with
field data at arm 2 shows generally good agree-
ment in current direction over two weeks.

Model currents are somewhat stronger than
the field data. The agreement between the model
currents and field data in the north-south
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Fig. 6. Simulated (solid lines) and measured (dotted lines) currents at Station B (Arm 2:

East-West direction)

Wind Stress at Platform B: tau y IFODELI
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Fig. 7. Simulated (solid lines} and measured {dotted lines) currents at Station B (Arm 1: North-South direction)

direction becomes worse after Julian Day 154,

Considering that the wind becomes strong in the

north-south direction, the field data remains
from north to south.
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This seems to indicate that data have drifting
problems. Both the measured and simulated
currents at Station B indicate that flow is gener-
ally in the southwest-northeast direction, which
is parallel to the boundary between the vegeta-
tion and the open water.

5. CONCLUSION

The effect of vegetation was parameterized as
increased profile drag on the flow. To represent
the vegetation distribution accurately, the con-
cept of “equivalent vegetation density” is intro-
duced. To simulate the flow in the littoral zone,
momentum equations in the two layer system
were derived and incorporated into CH3D
(three-dimensional  curvilinear-grid ~ model)
code.

CH3D was used to study the wind-driven
circulation during the period of May 27, 1989,
to June 10, 1989, in Lake Okeechobee to simu-
late the currents driven by winds. Both the
simulated and measured currents in the vicinity
of the vegetation zone were found to be primar-
ily in the direction parallel to the vegetation
boundary, thus suggesting relatively little trans-

port across the vegetation boundary.
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