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Abstract1

The evaluation of longitudinal dispersion in aquatic canopies is necessary to predict the behavior2

of dissolved species and suspended particles in marsh and wetland systems. Here we consider the3

influence of canopy morphology on longitudinal dispersion, focusing on transport before4

constituents have mixed over depth. Velocity and longitudinal dispersion were measured in a5

model canopy with vertically varying canopy density. The vertical variation in canopy6

morphology generates vertical variation in the mean velocity profile, which in turn creates7

mean-shear dispersion. We develop and verify a model that predicts the mean-shear dispersion in8

the near field from morphological characteristics of the canopy, such as stem diameter and frontal9

area. Close to the source, longitudinal dispersion is dominated by velocity heterogeneity at the10

scale of individual stems. However, within a distance of approximately 1 m, the shear dispersion11

associated with velocity heterogeneity over depth increases and eclipses this smaller-scale12

process.13

14
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Abbreviations:17

A – cross-sectional area18

a – volumetric frontal area density19

CD – drag coefficient20

d – stem diameter21

Dz – vertical turbulent diffusion coefficient22

f – function23

g – gravitational constant24
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h – water depth1

i – variable2

K – dispersion coefficient3

n – stem density4

O – order of magnitude5

Q – volumetric flow rate6

Red – stem Reynolds number7

t – time8

u – local time-averaged fluid velocity9

〈u〉 – local time- and horizontally averaged fluid velocity10

U – time- and depth-averaged fluid velocity11

x – distance in the direction of flow12

y – transverse coordinate13

z – height above bed14

β – scale constant15

∆h – effective vertical cloud width16

∆〈u〉 – difference between maximum and minimum velocities17

η – surface elevation18

ν – kinematic viscosity19

σx – concentration standard deviation20

σ2
x – spatial concentration variance21

3



1. Introduction1

Advection and dispersion in obstructed flows play an important role in the ecology of many2

environmental systems. In groundwater flows, the interaction of flow with the grain matrix or3

lenses of varied porosity may result in the spread of a toxic contaminant plume, with acute effects4

on human health [1]. In wetland systems, many arthropods and macrophytes rely on water5

currents for the passive dispersal of larval stages and seeds [2, 3]. Furthermore, larger organisms6

rely on chemical signals in the water column for information necessary for foraging and mating,7

and these signals may be mediated by flow through the aquatic canopy [4].8

Because vertical mixing is slow within wetland canopies, it is often important to understand9

dispersion processes before the constituent of interest has mixed across the full water depth,10

i.e., in the near field. For example, in a salt marsh canopy, the depth-averaged fluid velocity11

U = O(1–5 cm/s), the vertical turbulent diffusion coefficientDz = O(0.1 cm2/s), and the water12

depthh = O(10–50 cm) [5, 6]. Under these conditions, a constituent will not mix over depth13

until a time scale oft ∼ h2/Dz = O(1000–10, 000 s), or a distance in the direction of flow of14

x = O(10–1000 m). This paper explores models for characterizing the spread of a cloud at time-15

and length-scales less than these limits, which is a region of interest for many important16

processes, such as seed dispersal and chemical signaling.17

2. Theoretical development18

An emergent vegetative canopy can be characterized by the length scale of the stems, here19

assumed to be their diameterd; the stem densityn; and the volumetric frontal area20

densitya = nd. The solid volume fraction is approximatelyad. In most wetland canopies,21

ad < 0.1 [5, 6] , although Mazdaet al. [7] report that in mangrove canopiesad can be as high22
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as 0.4. The time-averaged fluid velocityu varies at the scale of the stem in both the longitudinal1

(x) and transverse (y) directions due to wakes that form behind each stem. We define a2

horizontally averaged velocity within the fluid volume,〈u〉. Following Ayotteet al. [8], this3

spatial average is taken over a length scale much greater than the individual stem spacing but less4

than the length scale of horizontal variation in frontal area density,a. The depth average of〈u〉 is5

U = Q/[A(1− ad)], whereQ is the volumetric flow rate andA the total cross-sectional area6

perpendicular to the flow.7

Whena varies with height above the bedz (see Fig. 1), there are two length scales of8

velocity variation within the canopy: variation at the scale of the stem due to fluctuations in9

u(x, y) and variation due to the mean velocity shear〈u〉 = f(z). Both of these velocity10

fluctuations contribute to dispersion. Further, when properly defined, these individual dispersive11

processes are additive. Forad < 0.1, the stem-scale dispersion, characterized by the coefficient12

Kd, is dominated by the wake-shear dispersion, which becomes Fickian after a distance13

x > a−1 [9, 10]. After this point, forad < 0.1, Kd can be represented by [9]:14

Kd =
1

2
〈u〉d C1.5

D (1)15

whereCD is a non-dimensional drag coefficient. To simplify the expression given by White and16

Nepf [9], we have taken the recommended values for constants given in that paper.17

To characterize the mean-shear dispersion, we must first characterize the velocity variation18

over depth. Under steady, uniform, two-dimensional flow through an emergent canopy, the19

longitudinal momentum equation reduces to a balance between the drag and pressure forces, i.e.,20

1

2
CDa〈u〉2 = g

∂η

∂x
(2)21

whereg is the gravitational constant and∂η/∂x is the water surface slope. Strictly speaking the22

pressure term (right-hand side of Eq. 2) should account for the effect of porosity(1− ad), but we23
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will neglect it here for a canopy withad < 0.1. The drag coefficientCD is a function of the stem1

Reynolds numberRed = 〈u〉d/ν, whereν is the kinematic viscosity of water. Empirical relations2

are well established for the drag coefficient on an isolated object between1 < Red < 10003

(e.g., [11]). The exact behavior of the drag coefficient within an array at a moderate Reynolds4

number is not as well understood, but, for an array of cylinders withad < 0.1 andRed > 40, CD5

is not strongly dependent on stem density and isO(1) [12, 13, 14, 15]. Furthermore, it has been6

shown that to first order the shape dependence ofCD is negligible and the flow through an array7

depends primarily on the frontal areaa rather than the specific shape of the elements [7, 12].8

Because the right-hand side of Eq. 2 is not a function of height above the bed,CDa〈u〉2 must also9

be constant over depth. It therefore follows that the velocity varies inversely with the local canopy10

morphology, represented byCDa:11

〈u〉(z) =

√√√√ 2g ∂η/∂z

CD(z)a(z)
(3)12

This equation has been shown to correctly predict the velocity profile structure over a salt marsh13

platform [6]. Note that, becauseCD may vary with velocity, the solution to Eq. 3 will require14

iteration unless a constantCD can be assumed throughout the canopy.15

Eq. 3 implies that when the canopy morphology is heterogeneous, e.g.CDa = f(z), then the16

mean velocity〈u〉 = f(z) over the same length scale, introducing the possibility of mean-shear17

dispersionKa; the subscripta is used to denote the dispersion associated with variation ina. For18

tracer mixed over depth, i.e. betweenz1 = 0 andz2 = h, Ka is given by the triple integral relation19

(e.g., [16]):20

Ka = − U

d(z2 − z1)

∫ z2

z1

(
〈u〉
U

− 1

)∫ z

z1

〈u〉d
Dz

U

〈u〉

∫ z

z1

(
〈u〉
U

− 1

)
dz dz dz (4)21

whereDz is normalized by〈u〉d and〈u〉 is normalized byU . Eq. 4 can be predicted froma priori22

knowledge of the canopy morphology as follows. First, the ratioDz/〈u〉d is a function ofCDad.23
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If Red > 100, the wakes of the canopy elements generate turbulence at the scale of the stem,1

which dominates turbulent diffusion, and the vertical turbulent diffusion is given by [14]:2

Dz = 0.2〈u〉d 3
√

CDad (5)3

where the scale coefficient 0.2 is inferred from data provided by Nepfet al. [17]. Further, it4

follows from Eq. 3 that the velocity ratio〈u〉/U can be expressed in terms ofCDa. Using these5

relations, we can describe the mean-shear dispersion coefficient,Ka, in terms of morphology6

only:7

Ka = − 5U

d(z2 − z1)

∫ z2

z1


√√√√CDa

Cda
− 1

∫ z

z1

[
(CDad)−1/3

√
CDa

CDa

] ∫ z

z1


√√√√CDa

Cda
− 1

 dz dz dz

(6)8

The overbar onCDa indicates the value ofCDa corresponding to the depth-averaged velocityU ,9

specificallyCDa =
[

1
h

∫ z2
z1

(CDa)−1/2 dz
]−2

. Under the action of dispersion, the longitudinal10

spatial variance of the cloud,σ2
x, will increase at the ratedσ2

x/dt = 2Ka, whereKa is given by11

Eq. 4 or 6.12

Eqs. 4 and 6 can be extended to predict the behavior of tracer in the near field. Before a13

tracer released at heightzr has mixed over depth, we define its effective vertical scale,∆h, as the14

equivalent water depth that would yield the same dispersion coefficient at a given longitudinal15

position, and we letU denote the cross-sectionally averaged velocity over∆h. Based on diffusion16

scaling, ifDz is constant the effective vertical length-scale of the cloud is expected to increase as:17

∆h = β
√

Dzt (7)18

whereβ is anO(1) scale constant. Eq. 7 can be used to define the integration limits for Eqs. 419

and 6. Specifically, at any point in time, the growth rate due to mean-shear dispersion20

dσ2
x/dt = 2Ka(t) can be calculated by applying Eq. 4 or 6 betweenz1 = zr − 1

2
∆h and21
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z2 = zr + 1
2
∆h. Then the evolution of the cloud can be evaluated by alternately applying Eq. 61

(or Eq. 4) and Eq. 7 to predictσ2
x(t).2

The appropriate value for the diffusion scale constantβ can be determined as follows. Mauri3

and Haber [18] provide an analytic solution for tracer growth due to dispersion in linear shear, i.e.4

constant∂〈u〉/∂z:5

σ2
x =

2

3
Dz

(
∂〈u〉
∂ z

)2

t3 (8)6

where the vertical diffusion is assumed constant over the vertical region of the tracer, which is7

reasonable for a small cloud. This analytic solution forσ2
x(t) provides an exact point of8

comparison forσ2
x(t) predicted using numerical integration of Eq. 4. Using a representative field9

value ofDz/Ud = 0.2 [6], the valueβ = 3.2 provides the best agreement between the numerical10

and analytic solutions. This value will be used in all subsequent analysis.11

To illustrate the prediction of dispersion from canopy morphology, we consider a simple12

canopy in which the frontal area per unit volume has a step-function profile, which produces a13

step-function velocity profile (Fig. 1a). Letai, CDi, Dzi, and〈u〉i represent the frontal area, drag14

coefficient, diffusivity, and horizontally averaged velocity, respectively, in the lower (i = 1) and15

upper (i = 2) layers of the canopy. A tracer is released at the interface between the two layers. If16

Dz1 6= Dz2, the cloud will not grow symmetrically about the interface. We let the vertical scale of17

the tracer cloud∆h = ∆h1 +∆h2, where∆h1 and∆h2 are the effective vertical extents of the18

tracer in the lower and upper regions of the canopy, respectively. Applying Eq. 4 between19

z1 = zr −∆h1 andz2 = zr + ∆h2, the mean-shear dispersion resulting from the step gradient is:20

Ka =
〈u〉1 − 〈u〉2

8∆h

(
−(∆h1)

3

3Dz1

+
(∆h1)

2∆h2

Dz1

+
∆h1(∆h2)

2

Dz2

− (∆h2)
3

3Dz2

)
(9)21

Note that we have assumed thatDz 6= f(z) within each layer. In a step canopy with constant22

stem diameter over depth,CDad is constant in each half of the canopy, implying constantDz23
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within each layer (Eq. 5). Indeed, a key aspect of turbulence in emergent canopies is that its1

structure is set by the stem-scale canopy geometry, because the larger structures are damped by2

the mean canopy drag [6, 14]. In the step profile considered here, despite the strong shear layer3

formed between the two layers, coherent shear-layer structures were not observed to form [10].4

Moreover, White and Nepf [20] confirm that the drag conditions in this canopy are expected to be5

stable and not produce vortices. In very sparse canopies this condition is not always met, because6

as the mean drag decreases the shear layer will become unstable and vortices can form at the7

interface. The exact transition value between the stable and unstable regimes can be determined8

by stability analysis, as outlined by White [19].9

If the vertical diffusion is controlled solely by the local array properties, then Eq. 5 is valid10

throughout the canopy and is not dependent on mean shear,〈u〉(z). Replacing the effective layer11

depths in Eq. 9 with∆hi = 1
2

β
√

Dzit:12

Ka =
β2

48

(
〈u〉1 − 〈u〉2

U

)2

U2t (10)13

which is valid for∆h < h. Note that Eq. 10 predicts that near-field mean-shear dispersion is14

non-Fickian:Ka increases over time as the cloud increases in size. Using Eq. 3, the velocity15

difference between the two layers is:16

〈u〉1 − 〈u〉2
U

= 2


√

CD2a2/CD1a1 − 1√
CD2a2/CD1a1 + 1

 (11)17

so that the near-field dispersion can be predicted from canopy morphology.18

When both wake-shear and mean-shear processes are present, their dispersion coefficients19

add. From Eqs. 1, 10, and 11, the total near-field longitudinal dispersion within the canopyKx20

will be given by:21

Kx = Kd + Ka =
1

2
Ud C1.5

D +
β2

24


√

CD2a2/CD1a1 − 1√
CD2a2/CD1a1 + 1

2

U2t (12)22
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Strictly speaking,Kd will differ in the upper and lower regions of the flow, but, anticipating that1

Kd is only important when the cloud is small and confined to one region of the flow, we make the2

approximation that〈u〉 ≈ U andCD = f(U) for this term. The spatial variance in tracer3

concentration should therefore evolve such that:4

σ2
x = d C1.5

D x +
β2

24


√

CD2a2/CD1a1 − 1√
CD2a2/CD1a1 + 1

2

x2 (13)5

where we have replacedx = Ut. As expected, a canopy in whichCDa has greater variation over6

depth will produce greater spreading in a tracer cloud. Also note that Eq. 13 shows that the7

variance grows non-linearly with distance from source. Further, this growth is only weakly8

dependent, throughCD, on the velocity. If we use the approximation stated earlier thatCD ≈ 1,9

the variance can more simply be expressed as:10

σ2
x = x d +

β2

24


√

a2/a1 − 1√
a2/a1 + 1

2

x2 (14)11

The variance will continue to increase non-linearly until∆h1 = ∆h2 = h/2, after whichKa will12

reach a constant value given by Eq. 6 withz1 = 0 andz2 = h, and the spatial variance will13

continue to increase linearly in space and time.14

Methods15

Velocity measurements and dye studies were conducted in a 6.7-m-long, 20.3-cm-wide,16

30.5-cm-tall rectangular plexiglass flume. Over multiple runs, the water depthh = 20± 1 cm.17

Wooden circular dowels with a diameterd = 0.64 cm were arranged randomly in a 6.1-m-long18

perforated plastic sheet and suspended from the top of the flume toward the bed. Half of the19

dowels extended only to mid-depth, creating a canopy with two layers,n1 = 300 m−2 and20

a1d = 0.012 in the lower layer andn2 = 600 m−2 anda2d = 0.024 in the upper layer.21
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Depth-averaged flow speeds ranged from 0.75 to 4.3 cm s−1.1

Due to instrument availability, velocity was measured using both laser Doppler velocimetry2

(Dantec, Mahwah, New Jersey) and acoustic Doppler velocimetry (SonTek/YSI, Inc., San Diego,3

California). A five-minute velocity record was taken at each of 11–14 vertical positions at least4

2.8 m downstream of the start of the array. A 5-cm-wide swath of dowels was cleared to prevent5

interference with the laser beams or probe head. This length scale is comparable to the mean stem6

spacing, so it has a negligible effect on the local mean flow [21]. To sample horizontal7

heterogeneity, vertical velocity profiles were repeated at six different horizontal locations within8

the array. The measured velocity and resulting turbulence statistics at each depth were then9

averaged to remove the stem-scale spatial heterogeneity. Smoothed spectra were calculated using10

a Parzen window.11

Longitudinal dispersion was explored using slug releases of dye at mid-depth (zr = 10 cm).12

Rhodamine WT or Rhodamine 6G was released from tygon tubing oriented parallel to the13

direction of flow. Releases took 0.5–2 s each, which was much less than the travel time to the14

fluorometer (22–745 s), so the releases were assumed to be instantaneous. The release velocity15

was matched to the ambient velocity with the help of a syringe pump. The recording fluorometer16

was positioned at mid-width, mid-depth, and 50 to 525 cm downstream of the release point.17

Between 5 and 29 slug releases were performed at between 5 and 8 travel distances at each of18

four flow rates, and the results were averaged to describe the ensemble mean behavior for each19

flow rate. Temporal variance was calculated for each concentration record after normalization by20

the total area under the curve, which makes the shape of the profile independent of the initial21

mass, lateral and vertical diffusion, and the lateral position of the cloud center [10].22
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Results1

For all flow rates, water moved faster in the lower, sparser canopy (z = 0–10 cm,2

a1d = 0.012) than in the upper, denser canopy (z = 10–20 cm,a2d = 0.024; see Table 1). As3

Fig. 2 shows for the slowest and fastest flow conditions, the bottom boundary layer was confined4

to within 1 cm of the bed. The horizontally averaged velocity,〈u〉, was approximately constant5

over depth within each layer of the canopy, and the narrow interfacial region had a width6

(≈ 2 cm) that was approximately constant over distance,x (Fig. 2). Many of the velocity spectra7

(not shown) contained a shoulder near 1 Hz, corresponding to the frequency of vortex shedding.8

However, no larger, coherent structures were indicated by the spectra, confirming that the array9

drag damped turbulence at scales greater than the stem diameter,d. This confirms the assumption10

in Eq. 5 that transport is dominated by stem-scale turbulence.11

Table 1 presents the velocity ratio(〈u〉1 − 〈u〉2) /U along with the velocity ratio predicted12

from the distribution ofCDa using Eq. 11 and estimatingCD with an isolated cylinder formula13

(CD = 1 + 10Re−0.66
d [11]). For the highest flow condition, the observed and predicted values14

match, confirming that forRed > 100 andad < 0.1 the isolated cylinder equation successfully15

predicts the drag in an array. For the lowest flow condition, the mean predicted ratio is only half16

of the observed ratio (Table 1). This difference reflects the departure ofCD from the values17

obtained from the isolated cylinder equation for the lowRed regime in the upper layer of the18

canopy (Red2 = 25± 4). Koch and Ladd [13] have shown that, forRed < 40, the value ofCD in a19

random array of cylinders is as much as five times the value predicted using a single-cylinder20

approximation. Although insufficient data are available to confidently adjustCD for different21

combinations ofRed andad, the observed velocity ratio would be predicted ifCD in the upper22

canopy were triple that calculated using a single-cylinder equation, which seems quite plausible23
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given the results from Koch and Ladd [13].1

Fig. 3 shows measurements of spatial variance as a function of distance from release. Spatial2

variance increases non-linearly with distance at all flow rates, confirming that the dominant3

dispersive processes have not reached their Fickian limit. The dotted line in Fig. 3 represents the4

predicted increases in spatial variance due to stem-shear dispersion (Eq. 1). For this canopy it is5

expected that the stem-scale dispersion reaches its Fickian limit after a distance of6

x ≈ a−1 ≈ 8 cm. The tracer variance predicted in a step profile from the sum of stem-scale and7

mean-shear processes (Eq. 13 withβ = 3.2) is included in Fig. 3 as a solid line. This curve,8

which is not calibrated, shows very good agreement with the observations, supporting the above9

theory. Even so, note that the prediction tends to underestimateσ2
x for the lowest velocity case,10

consistent with the observation that the isolated cylinder approximation for the drag coefficient11

underestimates(〈u〉1 − 〈u〉2) /U for this flow condition. The dashed lines shows that assuming12

CD = 1 throughout the canopy (Eq. 14) also provides a reasonable prediction, suggesting that this13

method is relatively robust toward the exact value ofCD in an array. Note that mean-shear14

dispersion is predicted to become larger than stem-shear dispersion approximately 100 cm15

downstream of the release; beyond this location mean-shear dispersion dominates.16

Discussion17

Within an emergent canopy of sufficient canopy density, vegetative drag controls the flow18

structure, so that the morphology, specificallyCDa(z), can be used to predict the longitudinal19

velocity 〈u〉(z) (Eq. 3). Because the vertical turbulence and thus diffusion are also principally a20

function of the local canopy morphology (Eq. 5), the dispersive spread of a tracer cloud in the21

near field can be predicted from canopy morphology alone (Eq. 6). The measurements shown22
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here confirm this approach for a step profile inCDa(z). A step profile is a simple geometry with a1

readily derivable analytic solution, and it also represents the maximum shear in a canopy with a2

known range ofCDa. Values ofCDa were chosen to mimic values found in real wetlands. Other3

recent work has confirmed this approach in the field in a canopy of the salt grassSpartina4

alterniflora [6].5

We now consider differences in the growth of tracer variance in three representative canopies6

with differentCDa(z). For comparison, the average velocityU and the difference between the7

maximum and minimum velocities∆〈u〉 are the same in all three canopies (Fig. 1). A step〈u〉(z)8

profile (Fig. 1a) approximates flow in a mangrove canopy [12];Ka in this canopy is calculated9

using Eq. 10. The mid-depth regions of aS. alternifloracanopy exhibita ∼ z−1/2, which10

produces a locally linear velocity profile [6, 22] as shown in Fig. 1b; variance growth due to11

mean-shear dispersion in this canopy follows Eq. 8. The velocity profile shown in Fig. 1c was12

rescaled from that measured by Vermaatet al. [23] in anAlisma gramineumcanopy. For this13

canopy the growth in spatial variance due to mean-shear dispersion can be calculated by14

numerical integration of Eq. 4, with the vertical width of the cloud at each time step determined15

using Eq. 7 withβ = 3.2. For all three canopies, the total expected growth in spatial variance will16

result from the sum of stem-scale and mean-shear dispersion; variance growth due to stem-scale17

dispersion followsdσ2
x/dt = 2Kd, whereKd is given by Eq. 1.18

Fig. 4 shows the evolution of an instantaneous point release at mid-depth for all three19

canopies including both stem-scale and mean-shear processes and assuming typical field values of20

Dz/Ud = 0.2 andU = 1 cm s−1 [6]. After the center of mass of the cloud has traveled 10 m21

downstream, its vertical dimension will be approximately 11 cm (Eq. 7). At this point, the22

longitudinal extent of the cloud,4σx, is predicted to be 11 m in a canopy with a step velocity23

profile, 5 m in anA.gramineumcanopy, and only 3 m in a canopy with a linear velocity profile.24
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This difference in cloud sizes can have important implications for transport in the near field. For1

example, many larvae are passively transported by water currents [24], and increased dispersion2

will result in an increased spread of propagules. In addition, many crustacean species depend on3

tracing odor plumes to find food sources, and reduced dispersion will result in the increased4

persistence of an odor plume [25].5

The differences in vertical velocity profiles created by different vegetation canopies thus6

have an important impact on the spread of transported constituents in the near field. Eq. 67

provides a way to estimate this growth for any canopy morphology. Note that, because a step8

velocity profile produces the maximum dispersion, Eq. 13 estimates the maximum potential of9

growth given only the minimum and maximumCDa values in the canopy. Similarly, the linear10

prediction can provide a reasonable lower bound. Finally, the method is reasonably successful11

even when only the frontal area distributiona(z) is known (i.e., Eq. 14).12
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Figure 1 Sample distributions ofCDa(z) and the corresponding horizontally and temporally1

averaged velocity〈u〉(z) for three emergent canopies, with gray tracer clouds in the near field:2

(a) the step frontal area distribution considered in this paper is a good representation of an3

inverted mangrove forest [7, 12]; (b) a region of the frontal area profile for aSpartina alterniflora4

canopy with the volumetric frontal area densitya ∼ z−1/2, which produces a linear velocity5

profile [6]; and (c) velocity measurements (points), fitted velocity curve, and inferred frontal area6

density (Eq. 3) in a canopy ofAlisma gramineum(velocity data from Vermaatet al. [23]).7

Figure 2 Vertical profiles of longitudinal velocity for (a) the slowest flow condition and (b) the8

fastest flow condition. Horizontal bars indicate the standard error of the mean across the canopy9

heterogeneity. The point with no bars is the time-averaged velocity at a single location; its error is10

expected to be comparable to that of the points directly below it.11

Figure 3 The spatial variance of dye clouds released at the interface as a function of distance12

from release for different flow conditions: mean dye velocity at the interface of13

(a)0.8± 0.1 cm s−1, (b) 2.0± 0.1 cm s−1, (c) 3.1± 0.1 cm s−1, and (d)4.1± 0.1 cm s−1. The14

curves indicate predictions based on canopy morphology: the dotted lines are predicted using the15

stem-shear dispersion coefficientKd (Eq. 1), the solid lines are predicted from the sum of the16

stem-shear and mean-shear dispersion coefficients,Kd + Ka, including a depth-varying drag17

coefficient,CD = f(z) (Eq. 13), and the dashed lines are predicted fromKd + Ka assuming18

CD = 1 (Eq. 14).19

Figure 4 The evolution of tracer variance predicted for a slug released into a flow with a20

depth-averaged velocityU = 1 cm s−1 and the three velocity profiles shown in Figure 1: step21

velocity profile with dispersion predicted using Eq. 10, velocity profile within a canopy ofAlisma22

20



gramineumwith dispersion predicted using Eq. 4 (velocity data from Vermaatet al. [23]), and1

linear velocity profile with cloud growth predicted using Eq. 8.2

21



Table 1: Average velocity and drag characteristics (mean± standard error of the mean) in each

layer for the slowest and fastest flow conditions. Drag coefficients are calculated using a single-

cylinder equation [11] and include 20% error to account for spatial variability within the canopy.

Flow variable Location
Flow condition

Slowest Fastest

Velocity (cm s−1)

Lower canopy,〈u〉1 1.1± 0.1 5.2± 0.1

Upper canopy,〈u〉2 0.4± 0.1 3.4± 0.1

Depth average,U 0.8± 0.1 4.3± 0.2

Reynolds number
Lower canopy,Red1 73± 2 332± 8

Upper canopy,Red2 25± 4 221± 8

Drag coefficient
Lower canopy,CD1 1.6± 0.3 1.2± 0.2

Upper canopy,CD2 2.2± 0.5 1.3± 0.3

(〈u〉1 − 〈u〉2)/U 1.0± 0.1 0.4± 0.1

2
(√

CD2a2/CD1a1−1√
CD2a2/CD1a1+1

)
0.5± 0.1 0.4± 0.1
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Figure 1: Lightbody and Nepf
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Figure 2: Lightbody and Nepf
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Figure 3: Lightbody and Nepf
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Figure 4: Lightbody and Nepf
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