
ABSTRACT

CONDE BARRIOS, JUAN ESTEBAN. Residence Time and Turbulent Dispersion in Vegetated
Flows. (Under the direction of Jorge E. San Juan Blanco).

The vulnerability of Submerged Aquatic Vegetation (SAV) habitats, such as seagrass, is

tightly related to point-source pollution. A key indicator for to measure a habitat’s suscep-

tibility and tolerance to contaminant exposure is its capacity to exchange, and renew water.

Residence time is a hydrodynamic-dependent variable that measures the time required for

a water parcel to enter and leave a system. These parameters can be estimated from tracer

tests. Characterizing residence time under vegetated conditions could help understand wa-

ter quality driven by hydrodynamics and assess its vulnerability in aquatic environments.

Experimental studies have investigated residence time through vegetated flows. Frequently,

vegetation is represented as rigid cylinders to simplify the effects of a flexible leaf on the

flow and dissolved mass transport. This study aims to characterize the hydrodynamics and

vertical dispersion in flows through submerged flexible vegetation, and analyze their impact

on residence time.

Laboratory experiments were conducted in a recirculating flume where velocities, tracer

dispersion, and residence time were measured over flexible vegetated patches under sparse

and transitional densities CDah < 0.23 for different patch lengths. Flexible synthetic plants

(surrogates) were designed based on two dimensionless parameters, Buoyancy (B) and Cauchy

number (Ca); the surrogates replicated a real seagrass motion. Flow velocities were measured

using an Acoustic Doppler Velocitmetry, while vertical dispersion coefficients and residence

times were estimated by a digital imaging method called Laser Induced Fluorescence (LIF).

LIF consisted in capturing the temporal and spatial change of a passive fluorescent tracer. By

testing different vegetation geometric scales, this study quantified their effects on residence

time.

Flow velocity profiles were compared to shear-layer velocity models typically used in

canopy flows. A region of strong shear and vertical momentum flux was identified around 2-

3 cm below the time-averaged vegetation height. Vertical dispersion coefficients, Dt,z, varied

within an order of magnitude of ∼ O(1 cm2/s) and were influenced by patch density Dt,z ∼
CDah. Residence time, Tres, varied largely within an order of magnitude of O(10 s), and was

affected by both geometric scales Tres ∼ L ∼ (CDah)
−1. Based on the Peclet number (Pe), it

was concluded that longitudinal advection dominated residence time over vertical dispersion,

but the latter should be considered in analysis of residence time through SAV.
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Chapter 1

Introduction

1.1 Motivation

Aquatic vegetation, like seagrasses, play a sustantial role in coastal and estuarine ecosystems

as they influence the hydrodynamics and biogeochemical cycles (French and Chambers, 1996;

Chambers et al., 1999). They provide a variety of ecological services such as shelter to

marine species (Suren et al., 2000), food source (Gross et al., 2001), coastal protection

(Ondiviela et al., 2014), uptake of nutrients, and organic matter production (Moore, 2004;

Larkum et al., 2006). Because aquatic vegetation slow down the flow moving inside their

canopy, seagrass meadows can capture particulate material (Granata et al., 2001), prevent

sediment re-suspension (Gacia and Duarte, 2001) and modify the flushing time (Fonseca and

Cahalan, 1992). The latter is ecologically important because flushing time controls for how

long particulate material and solutes in water are available to interact within a habitat.

Zostera Marina is a very common seagrass in the North Atlantic and worldwide (Howarth

et al., 2022) usually found in low-tidal estuarine areas. Similar to other Submerged Aquatic

Vegetation (SAV, plant height h smaller than the water depth H; H/h > 1), they exist in a

shallow submerged range, as light availability becomes limited in deeper water (Nepf, 2012).

Many studies have monitored the evolution of seagrass population globally and over time,

with the majority of them reporting a decrease in population (Tan et al., 2020). Loss rates

have increased from 0.95%/year before 1940, to 7%/year since 1990. These loss rates are

compared to other aquatic habitats, like mangroves and coral reefs (Waycott et al., 2009).

Accelerated decline rates can be associated with a range of stressors of anthropogenic nature

(coastal and agricultural runoff, or untreated sewage/industrial waste outfall), and climate

change-related (rising surface temperatures, or extreme temperature events) (Freeman et al.,

2008; Grech et al., 2012; Arias-Ortiz et al., 2018).
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Solutions have been proposed to address the seagrass population loss where restoration

projects are key efforts to counteract coastal ecosystems degradation. They promote seagrass

propagation in degraded areas with the expectation to improve the ecosystem health (Paling

et al., 2009). Successful seagrass restoration projects (van Katwijk et al., 2016), such as the

Chesapeake Bay restoration project in Virginia (Orth et al., 2020), recovered 8,925 acres of

Zostera Marina by spreading 70 million seeds since 1999. By 2020, some ecosystem services

like, carbon stock, nitrogen stock, invertebrate biomass, and fish biomass had increased

remarkably.

Besides the success of many projects, restoration efforts are often perceived as too costly

and wrought with failures (Tan et al., 2020). Standardized techniques for aquatic habitat

restoration are limited and metrics to monitor the effectiveness and evaluate project success

rely on ecological approaches (Schulz-Zunkel et al., 2022). In addition, it is typical that

restoration goals are met in a time scale much longer than the execution time of a project.

Habitat restoration is a long progress that may take multiple years or decades to successfully

recolonize and re-establish seagrass populations (Leschen et al., 2010), requiring significant

effort related to physically plant the seagrass, distributing seeds, or coastal engineering to

modify sediment and hydrological dynamics (Campbell, 2003).

Alternatives to measure the conditions affecting the susceptibility of seagrass population

to threads is by analyzing the habitat vulnerability. It becomes a tool to describe the physical

state of the system, and promote risk reduction (Adger, 2006). Vulnerability assessments

are conducted by characterizing a set of classified, normalized, and weighted metrics, or

indicators, to spatially represent the analyzed information (Bárcena et al., 2012). According

to the Millennium Ecosystem Assessment (2005), the main drivers that modify ecosystem

services are: habitat change, climate change, invasive alien species, over exploitation and

pollution.

Since estuaries are typically exposed to point-source pollution (Gómez et al., 2004),

an important ecosystem vulnerability metric involves parameters associated with habitat

tolerance to a contaminant exposure and its capacity sustain levels of concentration (Bárcena

et al., 2017). In the case of point-source pollution, ecosystem susceptibility is measured

through its capacity to exchange, renew, or flush water (Jouon et al., 2006). In estuaries,

flushing time, or residence time Tres, can be defined as the time required for a water parcel

to exit the estuary through one of its outlets (Defne and Ganju, 2015). Residence time is a

hydrodynamic-dependent variable that can be estimated from tracer tests given hydraulic

forcings like river flow and tidal range (Bárcena et al., 2012).

An improved understanding of the physical processes controlling residence time has im-

plications for a better characterization of ecological process linked to water renewal in the
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system. One example is the role of vertical transport in regulating dissolved oxygen dis-

tribution and other gases. Without adequate water renewal and exchange, oxygen levels

within seagrass meadows may reach too low concentrations, negatively impacting seagrass

survival (Abdolahpour et al., 2017). Additionally, water exchange influences the dispersal of

seeds, pollen, and spores (Kuparinen, 2006), which can ultimately contribute to re-population

efforts in restoration projects. Therefore, characterizing residence time under vegetated con-

ditions could help understand better water quality driven by hydrodynamics and assess

seagrass vulnerability in coastal environments.

Flow through SAV theory has been developed based on terrestrial canopy flow, where the

vertical discontinuity in drag caused by the canopies creates a strong shear region close to the

top canopy edge (Nepf et al., 2007). Many experimental studies have been then conducted in

order to understand the flow structure and mass transport in flows through vegetation (Nepf,

2012). Studies focused on characterizing the hydrodynamics aimed for correlating the flow

structure to mixing layer theory (e.g., Ghisalberti and Nepf, 2002, 2004; Chen et al., 2013).

Turbulence structures and flow adjustment over vegetated patches have been investigated to

develop semi-empirical models to predict velocity profiles by testing spatial parameters of the

vegetation. Other studies have focused on mass transport and dispersion within vegetated

layers (e.g. Tanino and Nepf, 2008; De Serio et al., 2018; Yang et al., 2023), specifically

studying solute transport, dispersion, and flux-gradients.

To this date, few studies have investigated residence time through vegetated flows. The

majority of the studies have been in unidirectional flows (e.g., Harvey et al., 2005; Lara

et al., 2012) and only two in oscillatory flows (e.g., Abdolahpour et al., 2020; Nishihara

et al., 2011). To the author’s knowledge, there is only one study focused on characterizing

Tres in unidirectional flows through submerged canopies (Nepf et al., 2007). The latter study

developed a framework to predict residence time under different vegetation scales, based on

a two-layer model that separates the canopy interface in two based on how far turbulent

eddies penetrate (see section 2.2.2). The upper vegetated layer is characterized by a rapid

mass exchange due to the development of a shear-layer at the canopy top. Nepf et al. (2007)

tested a range of velocities from 2-13 cm/s and a non-dimensional effective area (ad) from

0.02-0.05, and Tres ranged from 6-60 s. Nepf et al. (2007)’s model includes a longitudinal

dispersion component Kx, where Kx ∼ (∆U)2T (T is the dominant timescale associated

with the exchange or wake zone). The model was developed for rigid cylinders to represent

the vegetation, which simplifies the effects of a flexible leaf on flow structure and mass

transport and does not consider vertical turbulent diffusivity, Dt,z (Luhar and Nepf, 2011;

Abdolahpour et al., 2020).

Abdolahpour et al. (2020) proposed a framework that characterizes residence time and
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vertical mixing in oscillatory flows. It considers the previously mentioned two-layer model

proposed by Nepf et al. (2007), and relates vertical dispersion to residence time in submerged

flexible vegetation through the non-dimensional Peclet number (Pe = Uh2/LDt,z). The au-

thors quantified and compared the effect of plant flexibility on mixing with respect to a

rigid surrogate (∼ 35%). They developed expressions to quantify residence time based on

the main mechanism driving it, mixing or advection. From tracer tests, the author proposes

a semi-empirical expression to estimate the turbulent vertical diffusivity coefficient (Dt,z) in

oscillatory flows, considering relevant vegetation geometric scales. Finally, Pe was used to

identify the main mechanism driving water renewal.

This research aims to characterize the hydrodynamics and vertical dispersion in flows

through submerged flexible vegetation, and analyze their impact on residence time (Tres).

Laboratory experiments were conducted in a recirculating flume where velocities, tracer

dispersion, and residence time were measured over flexible vegetated patches under different

density (number of plants per m2) and length (in the streamwise direction) scales. Synthetic

plants (surrogates) were designed based on two dimensionless parameters, Buoyancy (B) and

Cauchy number (Ca). These two parameters relate the restoring and hydrodynamic forcings

acting on the plant with respect to the plant’s stiffness. Flow velocities were measured using

an Acoustic Doppler Velocitmetry while vertical dispersion coefficients and residence times

were estimated by a digital imaging method called Laser Induced Fluorescence (LIF). LIF

consisted in capturing the temporal and spatial change a passive fluorescent tracer. A total

of nine experimental cases were tested, based on combining three patch lengths and three

densities.
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1.2 Objectives

The main goal of this study is to quantify the impact of vegetation parameters on the

hydrodynamics and mixing of turbulent vegetated flows by conducting flume experiments.

The research questions are listed below:

• What scaling parameters of the flexible plant surrogates under flume hydrodynamic

conditions can replicate a dynamic response similar to coastal seagrass?

• What features characterize the flow structure in through patches of submerged flexible

vegetation?

• How do vegetation geometric parameters (canopy roughness density and vegetation

patch length) impact the vertical dispersion and residence time?

• How do transport mechanisms influence residence time under different geometric pa-

rameters?
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This research is based upon work supported by North Carolina State University, under

the Department of Civil, Construction, and Environmental Engineering startup funds. The

analysis and conclusions presented in this document are those of the authors and should not

be construed as necessarily reflecting the views of the university.
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Chapter 2

Background

This study quantifies the vertical diffusivity and residence time of a passive dissolved tracer

in water flows through submerged flexible vegetation in a recirculating flume. Patches of

flexible vegetation represented seagrass mats, where the surrogates (physical models) were

made out of synthetic materials to capture the biomechanical behavior of natural seagrass.

This work aimed to quantify the effects of spatial variations of vegetation parameters on the

mixing rates and concentration exposure.

This chapter introduces the theoretical framework used to design the flume experiments,

analyze the collected data, and interpret the physical mechanisms. The subsection 2.1 ad-

dresses the geometric and dynamic parameters used to characterize flows through submerged

aquatic vegetation. Subsection 2.2 addresses the theoretical background for understanding

the dissolved mass transport in canopy flows.

2.1 Flow characteristics through SAV

2.1.1 Canopy geometric parameters and drag

Experimental studies use physical models or surrogates to capture the behavior of a real nat-

ural system under controlled conditions (e.g., Raupach et al., 1986; Ghisalberti and Nepf,

2004). This research used models of flexible synthetic vegetation as surrogate for seagrass.

The synthetic vegetation was crafted to recreate similar dynamic response upon the flume’s

hydrodynamic conditions. To achieve this goal and reduce complexity, geometric and dy-

namic similarity is attained through vegetation density parameters (e.g., volumetric frontal

area a, and solid volume fraction ϕ) and the ratio of hydrodynamic forces to restitutive

forces, (e.g, Cauchy number Ca, and buoyancy number B). In addition, other geometric

parameters were used to characterize the canopy, and are intrinsic to the volumetric frontal
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area a (e.g, blade width (or diameter), d, average spacing between elements (S), and height

(h)) (Nepf, 2012).

Volumetric frontal area (a)

The volumetric frontal area a is a common parameter used to measure the vegetation density

(number of plants per unit of bed area). It quantifies the total projected area perpendicular to

the main flow per unit volume of canopy. For a representative blade-like surrogate, it can be

computed as a = d/∆S2 (Nepf, 2012; King et al., 2012). It measures how much obstruction

a submerged vegetation imposes to the flow. Therefore, it is associated with the drag force

imposed by the vegetation. Simplified models compute one bulk value of volumetric frontal

area to represent the canopy (Nikora, 2007). However, the projected frontal area varies verti-

cally and horizontally; especially in vegetated areas with heterogeneous spatial distribution

and morphology. In flexible plants, the waving motion of the vegetation (monami) creates a

feedback between the time-varying frontal area and the drag force during blade reconfigura-

tion (Luhar and Nepf, 2011; Kim et al., 2024). Studies have reported large uncertainty when

estimating drag forces for flexible vegetation (e.g., Sukhodolov, 2005; Statzner et al., 2006),

demonstrating the complexity associated with frontal area and drag force estimation.

Drag coefficient (CD)

Submerged vegetation increases flow resistance by increasing the drag force onto the flow

(Carollo et al., 2005). The drag coefficient CD provides a dimensionless parameter that can

capture the dynamic similarity between the drag force and the inertial forces of the flow. It

combines the drag force experienced by an inflow obstruction, a characteristic flow velocity,

and the projected frontal area of the obstruction. Following a temporally and spatially aver-

aged framework, the drag coefficient is defined as CD ≡ ⟨fD⟩/0.5ρ⟨u2⟩⟨d⟩, where overline

indicates time averaging over the turbulent fluctuations, angled-brackets ⟨ ⟩ indicate spatial
averaging, fD is drag force in the streamwise direction, d is the characteristic plant width,

and u the streamwise flow velocity (Tanino and Nepf, 2008). For single regular-shaped el-

ements like rigid cylinders, CD depends on the Reynolds numbers (Re) and the values are

well-defined for different flow and shape conditions (Cengel and Cimbala, 2017). For singu-

lar, long, flat, and blade-shaped elements, studies report drag coefficients as a constant value

between 1 and 1.95 (e.g., Vogel, 1996; Chapman et al., 2015).

For vegetation patches, the relative position and orientation of neighbor elements affect

the value of CD. The wake generated by upstream plants creates a velocity difference with

the nearest downstream plant, reducing the drag force experienced by the latter (Petryk,
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1969; Blevins, 2005; Tanino and Nepf, 2008). Heterogeneous spatial distribution, such as

in random vegetated arrays, introduces variations in the element-to-element distance. In

addition, fewer studies address the drag coefficient in submerged flexible patches due to the

complex dependency of CD on Re, Fr, vegetation density, and plant reconfiguration (Hussain

et al., 2023). Luhar and Nepf (2013) proposed a two-equation model to compute an effective

blade length, le, and the deflected vegetation height h for flexible vegetation. The effective

length le is an equivalent length to a rigid, vertical blade that produces the same horizontal

drag as a flexible blade of total length l (Luhar and Nepf, 2011). The deflected vegetated

height h is the height of a flexible blade l bended by the flow (see equations 2.1 and 2.2).

le
l
= 1− 1− 0.9Ca−1/3

1 + Ca−3/2(8 + B3/2)
(2.1)

h

l
= 1− 1− Ca−1/4

1 + Ca−3/5(4 + B3/5) + Ca−2(8 + B2)
(2.2)

Where Ca and B are the Cauchy and buoyancy numbers, respectively. Equations 2.1 and

2.2 provides the basis to estimate the drag coefficient CD from the experimental data as

Ca = f(CD), explained in the following subsection. This approach allow us to calculate a CD

that represents the experimental hydrodynamic conditions and vegetation spatial scales.

Cauchy (Ca) and Buoyancy number (B)

Real seagrass motion and biomechanical properties can be reproduced in the laboratory

according to two dimensionless parameters, Buoyancy (B) and Cauchy number (Ca) (Luhar

and Nepf, 2011). Buoyancy number relates the buoyancy force to the flexure stiffness (see

Eq. 2.3), while the Cauchy number expresses the ratio between the drag force to the flexure

stiffness (see Eq. 2.4).

B =
(ρw − ρs)gbtl

3

EI
(2.3)

Ca =
0.5ρwCDbU

2l3

EI
(2.4)

Where ρw is the water density, ρs the seagrass density, g the gravitational acceleration, b

the blade width (considering rectangular blades), t the blade thickness, l the blade length,

CD the drag coefficient, U the depth average open-channel velocity, E the Young’s modulus,

and I = bt3/12 the moment of inertia for a rectangular cross section. Previous experimental

(e.g., Luhar and Nepf, 2011; Lei and Nepf, 2019) and field (e.g., Vettori and Marjoribanks,

2021) studies have reported typical Zostera marina biomechanical properties (see Table 2.1).
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Results indicate that B ranges between 1-170, and Ca between 10-40,000 (Luhar and Nepf,

2011).

Table 2.1: Typical Zostera marina biomechanical properties according to previous studies
(Luhar and Nepf, 2011; Lei and Nepf, 2019; Vettori and Marjoribanks, 2021). In all cases,
ρw = 1025 (kg/m3), and B was estimated based on Eq. 2.3.

Luhar and Nepf Lei and Nepf Vettori and Marjoribanks (2021)

(2011) (2019) Spring Summer

ρs (kg/m
3) 700 920 918 886

∆ρ (kg/m3) 325 105 107 139

E (GPa) 1 0.3 0.17 0.25

L (m) 0.4 0.15 0.41 0.51

b (cm) 0.8 1.0 0.36 0.41

t (mm) 0.35 0.25 0.29 0.36

B 20 2 62 68

Laboratory experiments have demonstrated that a surrogate vegetation models can rep-

resent a real plant response or monami motion to the flow if both Ca and B values match

the real plant’s values. Abdolahpour et al. (2018) compared physical models of flexible veg-

etation to real seagrass plant, aiming to replicate Zostera Marina in flume experiments. By

varying B over a range from 7 to 50 (and keeping the same Ca), they found that for B = 12,

the flexible surrogate’s motion was similar to real Zostera Marina plant.

Canopy roughness density (CDah)

SAV can be classified according to their ’roughness density’, or density, as seen in Figure

2.1. It measures the relative importance between canopy drag and bed drag (Nepf, 2012). If

the canopy drag is small compared to bed drag (Figure 2.1a), the velocity profile will follow

a boundary layer profile; when the canopy drag becomes large enough compared to bed drag

(Figures 2.1b and 2.1c), a shear layer is developed at z = h, and the velocity profile will

present an inflection point at the same elevation.
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Figure 2.1: Schematic of the longitudinal velocity profiles u(z) under SAV for different
canopy densities. (left) Sparse: CDah ≪ 0.1. (center) Transitional: CDah ≈ 0.1. (right)
Dense: CDah ≫ 0.1. Canopy-scale turbulence develops for CDah ≥ 0.1. and penetrates δe
into the canopy. Plants create stem-scale turbulence within the canopy. Adapted from Nepf
(2012).

Belcher et al. (2003) determined a transition threshold between an sparse and dense

canopy, where for a roughness density λf = ah = 0.1, a shear layer starts to develop at the

interface. This result is consistent with Nepf et al. (2007), where inflection points in velocity

profiles are found at z = h for CDah > 0.1, and a standard boundary layer profile when

CDah < 0.04. Most studies assume CD ≈ 1 (Nepf, 2012) since primarily rigid cylinder arrays

are used in canopy flow studies (e.g., Nepf, 1999; Liu et al., 2008; Aberle and and Järvelä,

2013; Vargas-Luna et al., 2016). In this study, canopy density will be referred as CDah, given

that vegetation is flexible thus CD may be different than 1.

Submergence ratio H/h

Plant height h in relation to the flow depth H determines the occurance of turbulence

coherent structures that could develop over the canopy. The relative submergence represents

the two mechanisms driving flow through the canopy, turbulent stress/pressure gradient

∼ H/h− 1 (Nepf and Vivoni, 2000). Canopy submergence ratio (H/h) divides the canopies

into three categories: deeply submerged or unconfined (H/h > 10), shallow submergence

(H/h < 5), and emergent (H/h = 1) (Nepf, 2012). Section 2.1.2 addresses the flow structures

in shallow submerged canopy conditions (H/h < 5).
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2.1.2 Velocity structure

Raupach et al. (1996) first developed an analogy for canopy shear flow based on the free

shear flows theory, or mixing layer theory. Free shear flows are characterized by a mean

velocity gradient that is developed in the absence of boundaries, this gradient creates a

confined interface that is dominated by turbulent vortex motions that grow asymptotically

downstream; vortex motions also help with mass exchange between the interface and the

outside layers (George, 2013).

In canopy shear layers, the vortices generated at the vegetation leading edge are con-

strained in a mixing layer that reaches a fixed width. These vortices penetrate the canopy

until a certain depth called penetration length, δe (Ghisalberti and Nepf, 2004). A key differ-

ence between terrestrial and aquatic canopies is the limiting boundary imposed by the flow

water depth in the latter, implying two things: SAV may impact more significantly the bulk

of the flow compared to terrestrial canopies (Nepf, 2012), and the boundary layer profile

becomes fully developed when the boundary layer thickness reaches the flow depth (Chen

et al., 2013).

Brunet et al. (1994) studied the presence of large-scale turbulent coherent structures in

the flow, specially at the top of the canopy, by measuring velocities over a wheat crop in

a wind tunnel. The authors also suggest the flow structure to be similar to a mixing layer.

Irvine et al. (1997) supports the development of an Internal Boundary Layer (IBL) after

the roughness transition that migrates upwards the roughness zone by turbulent diffusion.

Ghisalberti and Nepf (2002) then demonstrate that the turbulent coherent structures present

within and above the canopy align strongly to mixing layer theory rather than boundary

layer.

Flow adjustment over patch length in submerged canopies

Figure 2.2 describes the flow adjustment from a boundary layer profile to a canopy shear

layer. According to Chen et al. (2013), an initial open channel boundary layer with average

velocity U∞ decelerates due to drag discontinuity. This velocity adjustment occurs from

the leading edge until a distance XD. During this adjustment, there is a strong vertical

advection uw relative to the vertical turbulent transport u′w′ (Yang et al., 2006) and the

vertical velocity w > 0. Simultaneously, a mixing layer is being developed, growing in width

until it reaches a fixed height at x = X∗. The maximum shear velocity at the top of the

canopy is located at X∗. The maximum shear velocity can be expressed in terms of the

Reynold stresses : u∗ = max(−u′w′)1/2 (Nezu and Sanjou, 2008).

Reynolds stresses u′w′ grow with distance until x = X∗. For x > X∗, the mixing layer
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profile can be considered fully developed and U2 and U1 are constants downstream to this

point (Figure 2.2). While the mixing layer is growing in size it is also penetrating into

the canopy down to a certain depth called the eddy penetration depth (δe). This interaction

increases with distance and reaches a fixed value after the layer is fully developed. Penetration

depth δe has implications in residence time, as explained in section 2.2.2

Figure 2.2: Schematic of flow development over a vegetation patch. Longitudinal position
XD indicates the deceleration length. A mixing layer is fully developed at X∗. Adapted from
Chen et al. (2013).

From flume experiments in a submerged rigid canopy, Chen et al. (2013) proposed an

empirical relation to compute XD/Lc = 1.5(1 + 2.3CDah), which is valid for H/h > 2

an independent to submergence. Here, Lc = 2/CDa is the canopy drag length scale and

represents the length scale over which turbulent structures adjust to the drag exerted by the

canopy (Nepf, 2012).

The length where the mixing layer is fully developed, X∗, was computed from a velocity

scale representing the vortex convective speed (Uv), and a timescale (TD) associated with

the vertical diffusion of vortices while the mixing layer is growing, TD = Ls/u∗

X∗ ∼ UvTD = UvLs/u∗ (2.5)

Where Uv can be calculated from Uv/U = 0.93 + 0.12(H/h) (Chen et al., 2013). Ls

estimates the coherent structure scale in a mixing layer (Raupach et al., 1996), Ls/h =

0.4(CDah)
−1 for CDah > 0.3 according to Chen et al (2013), and Ls ≈ (2/CDa)(u∗/Uh)

2 for
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lower densities (Poggi et al., 2004).

Mean velocity profile in submerged canopies

The typical velocity profile of a submerged canopy can be divided in two regions, a logarith-

mic velocity profile above the canopy layer, and an exponential velocity distribution within

the canopy layer. The logarithmic profile above canopy can be expressed as in Equation 2.6

(Kaimal and Finnigan, 1994),

⟨u⟩ = u∗

κ
ln

z − zm
z0

(2.6)

Where z is vertical elevation, κ = 0.4 is von Karman constant, and friction velocity u2
∗

corresponds to the maximum value of Reynolds stress u′w′. The parameters zm and z0 are the

displacement elevation (virtual zero-elevation for the logarithmic velocity profile) and rough-

ness height, respectively. The displacement elevation, zm, depends on the canopy roughness

density, CDah (Kaimal and Finnigan, 1994; Nepf, 2012). Physically, zm represents the cen-

troid of momentum penetration (Thom, 1971), meaning that it coincides with the mean

level of momentum absorption (Jackson, 1981). In atmospheric boundary layers, Kaimal and

Finnigan (1994) suggested that zm is within 0.7h and 0.8h, but Luhar et al. (2008) proposed

a scaling based on canopy density,

zm
h

≈ 1− 0.5
δe
h

= 1− 0.1
0.1

CDah
(2.7)

This expression suggests that for sparse densities (CDah < 0.1), the boundary layer

penetrates to the bottom, as zm = 0, thus the velocity profile does not have an inflection

point and it would resemble a logarithmic velocity profile. The roughness height z0 also scales

with CDah. Luhar et al. (2008)’s findings suggest that z0 depends on a and can be considered

as z0 ∼ ka−1, where k ∼ O(10−2) or ∼ O(10−3) is a proportionality constant that varies

with CDah.

Nepf (2012) proposes a two-equation model to express the mean velocity profile within

the canopy. In the lower canopy layer (z < h−δe) the momentum budget is balanced between

the potential gradients and canopy drag, then the mean velocity is expressed as in eq. 2.8,

⟨u⟩ = U1 =

s
2g(∂H/∂x+ sin θ)

CDa
(2.8)

In the upper canopy layer (h−δe < z < h), the momentum equation is balanced between

the turbulent stresses, canopy drag, and the pressure gradients. This yields an exponential
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expression as in eq. 2.9,

⟨u⟩ = U1 + (Uh − U1) exp [−Ku(h− z)] (2.9)

Where Uh = ⟨u⟩ is the velocity at the vegetation height, Ku = CDa/(2β)
2 (Harman and

Finnigan, 2007), and β = u∗/Uh.

2.1.3 Turbulence parameters

This subsection discusses the characteristics of turbulent flows and how they are calculated

from measurements. Average velocities, Reynolds stresses and autocorrelation function are

described according to Pope (2015).

Velocity fluctuations

Consider u a velocity component at a particular position and time measured in a turbulent

flow, with u(1), u(2), ..., u(n) the nth measurement repetitions under the same conditions but

with no dependency between each other. Given the random nature of turbulence processes,

u(n) repetitions are independent random variables that follow the same Gaussian probabilistic

distribution. Statistically stationary Gaussian processes can be characterized by its mean

⟨U(t)⟩, variance ⟨u(t)2⟩ and autocorrelation function ρ(s). Statistically stationary means

that even though a variable fluctuates in time, the statistics are not time dependent. For a

random velocity field u(x, y, z, t), in turbulent-flow experiments, the time-averaged velocity

is defined by,

u ≡ 1

T

Z t+T

t

u(t)dt (2.10)

A random velocity component u(t) can be decomposed into its average value and a velocity

fluctuation that deviates from the average. This is known as the Reynolds decomposition,

and is expressed as,

u′(t) = u(t)− u (2.11)

The velocity variance of the velocity is defined as in Equation 2.12, where N is the total

number of velocity realizations in time.

σ2 =

PN
i=1(ui − u)2

N
=

PN
i=1 u

′2
i (t)

N
(2.12)
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Finally, for spatially heterogeneous flows, the spatial-averaged velocity ⟨u⟩ is expressed as in

Equation 2.13, where M is the total number of velocity realizations in space.

⟨u⟩ ≡ 1

M

MX
i=1

ui (2.13)

Reynolds stresses

The Navier-Stokes equations describe the complex motion of fluids, turbulent or not. Ap-

plying the Reynolds decomposition to the Navier-Stokes equations and averaging over the

turbulent time scales, the Reynolds-Averaged Navier-Stokes (RANS) equations are shown

in Equation 2.14. RANS equations can describe the time-averaged momentum balance of

an incompressible flow. These set of equations introduces a new term associated with the

velocity fluctuations, ρu′
iu

′
j named the Reynolds stress tensor.

ρuj
∂ui

∂xj

= ρf i +

�
−pδij + µ

�
∂ui

∂xj

+
∂uj

∂xi

�
− ρu′

iu
′
j

�
(2.14)

The Reynolds Stress tensor, ρu′
iu

′
j, express the velocity covariance between three velocity

components. They are known as stresses due their apparent contribution to the ’stress term’

on the right-hand side along with the viscosity stress tensor µ
�

∂ui

∂xj
+

∂uj

∂xi

�
and the mean

pressure field, −pδij. Reynolds stresses form a symmetric second-order tensor, where the

diagonal components (u′2
i = u′

iu
′
i) are called the normal stresses, and the off-diagonals (u′

iu
′
j)

the shear stresses.

2.1.4 Autocorrelation function

In statistically stationary processes, any variable measured in time t can be correlated to

the same variable measured in time t + s. This statistic function is called autocovariance

(R(s)), which is expressed as R(s) ≡ u′(t)u′(t+ s). When normalized by the variance (u′2),

it is called the autocorrelation function,

ρ(s) ≡ u′(t)u′(t+ s)

u′2(t)
(2.15)

The autocorrelation function ρ(s) ranges between −1 and 1, where |ρ(s)| = 1 indicates a

perfect correlation, i.e., ρ(0) = 1. The function takes values of 0 when there is no correlation

between the original and the off-set series. In a velocity field, the function is expected to

diminish rapidly to 0 as the lag time s increases. From the autocorrelation function it is
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possible to identify an integral timescale τ , which measures the time a process is correlated

with itself (see eq. 2.16).

τ̄ ≡
Z ∞

0

ρ(s)ds (2.16)

2.2 Mass transport and mixing

2.2.1 Vertical mixing

This section aims to address the theoretical background to analyze vertical mixing along the

z-direction by estimating the vertical turbulent dispersion coefficient, Dt,z. Here, we consider

x as the streamwise direction, y as the transversal direction, and z the vertical direction;

where z = 0 is the bottom elevation.

Turbulent dispersion is the mixing mechanics in which dissolved mass is transported by

the turbulent velocity fluctuations generated by eddies in turbulent flows. This process can

be analogous to molecular diffusion where Brownian motion of the fluid molecules drives

the mixing (Fischer, 1979). Fick’s model describes how dissolved mass is transported by

diffusion. By analyzing the average behavior of molecular-sized particles over time and space,

it states that a diffusive flux of mass is proportional to a concentration gradient where

mass is transported from higher to lower concentration. The proportionality constant is the

diffusion coefficient. The mixing mechanism is conceptualized by the random walk of the

fluid molecules and can be applied to the diffusive transport controlled by turbulence.

Advection is the transport mechanism in which mass is transported by the bulk of the

moving volume of fluid. Therefore, the advective flux of mass takes into account the mean

flow velocity. A conservation of mass equation that include both, advective and diffusive

processes, can be expressed in Cartesian coordinates as in Equation 2.17. Equation 2.17 is

named the time-dependent Advection-Diffusion conservation of mass equation and assumes

that the flow is incompressible and there are no sink/source terms,

∂C

∂t
+

�
u
∂C

∂x
+ v

∂C

∂y
+ w

∂C

∂z

�
=

�
Dt,x

∂2C

∂x2
+Dt,y

∂2C

∂y2
+Dt,z

∂2C

∂z2

�
(2.17)

The left-hand side terms in parenthesis represent the advective fluxes, while the right-

hand side terms are the diffusive fluxes. The time-derivative term accounts for the local time

variation of the concentration. In Equation 2.17, u, v, and w are mean flow velocities along

the x, y and z directions, respectively, and C is the instantaneous concentration at (x, z, z, t).

The dispersion coefficients, Dt,x, Dt,y, and Dt,z are the proportionality constant of dispersion
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fluxes associated concentration gradients in each direction.

In unidirectional flows, the streamwise velocity is the dominant flow direction, thus u ≫ w

and u ≫ v. In a laterally uniform mass distribution, the mass is fully mixed along the y-

direction (∂C/∂y = 0). Therefore, Equation 2.17 can be simplifies as in Equation 2.18.

∂C

∂t
+ u

∂C

∂x
= Dt,x

∂2C

∂x2
+Dt,z

∂2C

∂z2
(2.18)

The analytical solution of Equation 2.18 is presented in Equation 2.19 for an unbound

instantaneous release of mass M at time t = 0, at a streamwise location x = 0, and elevation

z = h. The concentration field solution reassembles a Gaussian distribution that is advected

in the streamwise direction at velocity u and grows in the x and z-direction at a rate Dt,x

and Dt,z, respectively. In this study we focus on quantifying the vertical turbulent dispersion

Dt,z. The unbound assumption holds as the mass injections did not reach the water surface

or flume bottom during during dispersion tests.

C(x, z, t) =
M/Ly

4πt
p

Dt,xDt,zt
exp

�
−(x− ut)2

4Dt,xt
− (z − h)2

4Dt,zt

�
(2.19)

A solution that follows a Gaussian distribution implies that all the statistical tools from

the probabilistic distribution can be applied to explain tracer dispersion. Fischer (1979)

showed that dissolved mass injection subjected to dispersion will spread with a variance

(σ2) and that σ2 will grow linearly over time. It allows the calculation of the a dispersion

coefficient by computing the rate of change of the variance over time, following equation

Equation 2.20,

dσ2
z

dt
= 2Dt,z (2.20)

The variance can be computed by using the zeroth (M0), first (M1), and second (M2)

moments of a concentration distribution (Tanino and Nepf, 2008; Abdolahpour et al., 2020,

see Eq. 2.21 to 2.23).

M0 =

Z H

0

C(z, t)dz (2.21)

M1 =

Z H

0

zC(z, t)dz (2.22)

M2 =

Z H

0

z2C(z, t)dz (2.23)
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Where H is the water depth. Finally, the variance is computed as,

σ2
z =

�
M2

M0

�
−
�
M1

M0

�2

=

�
M2

M0

�
− µ2 (2.24)

From now on vertical turbulent diffusivity, vertical dispersion coefficient, diffusivity, or

Dt,z will be used interchangeably.

Vertical mixing in turbulent flows

For turbulent flows, Taylor (1922) showed that the variance of a the concentration field from

an instantaneous release (cloud) grows linearly with time past a Lagrangian timescale Tx,

called the ’equilibrium zone’. Before this state is reached, the cloud will develop a skewness

due to dominant shear that will increase until a maximum point. The maximum skewness

coincides with the point where the cross-sectional mixing and turbulent dispersion equili-

brate each other. Beyond that point the skewness starts decreasing (Corredor Garcia, 2023;

Rutherford, 1994).

This implies that the Fick’s model is applicable to turbulent flows once the the equilibrium

zone is reached. Figure 2.3 shows the variance and skewness of the cloud varying over time

(or distance), and an estimation of the advective and equilibrium zone.

Figure 2.3: Schematic of the variance and skewness versus time for an instantaneous injec-
tion of a passive tracer. Adapted from Rutherford (1994)

The skewness (γ) can also be computed using moment analysis as shown in Equa-

tion 2.25). Shucksmith et al. (2007) demonstrated that the linear variance growth does not

necessarily coincide with the maximum skewness, but instead it could start slightly before
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the skewness peak.

γ =
M3 − 3µσ2 − µ3

σ3
(2.25)

2.2.2 Residence time and flow structure

Given an eddy penetration depth, δe, Nepf et al. (2007) proposed a two-box model that

divides the canopy into two regions: (i) exchange zone (h − δe < z < h) and (ii) wake zone

(z < h − δe) (see Figure 2.4). In the exchange zone, mass is exchanged rapidly with the

above canopy flow due to the shear layer formed at the top of the canopy. In the wake zone,

mass exchange is limited to the stem-scale turbulence. Here, turbulence levels are similar

to emergent vegetated flows (Nepf and Vivoni, 2000). The mixing length scale of the eddies

in the wake zone will be limited to the minimum value between the stem diameter or the

spacing between plants (Tanino and Nepf, 2008).

Figure 2.4: Schematic of a two-box model that conceptualizes the canopy layer in two
zones: exchange and wake. Shear-scale (large blue circle) and stem-scale (small blue circles)
turbulence. Adapted from Nepf et al. (2007).

The eddy penetration depth is derived from the Turbulent Kinetic Energy (TKE) budget

equation analyzed at the vegetation interface, where the shear layer is located at z = h

(see Figure 2.4). From the conservation of TKE, two terms contribute significantly to the

evolution of the shear vortices: the shear production term−⟨u′w′⟩∂⟨u⟩/∂z, and ec, the canopy

turbulence dissipation term, ec = 1/2CDa⟨u⟩
�
2⟨u′2⟩ + ⟨v′2⟩ + ⟨w′2⟩

�
(Nepf et al., 2007;

Ghisalberti and Nepf, 2004). When shear production and canopy dissipation are balanced

(−⟨u′w′⟩∂⟨u⟩/∂z = ec), the shear layer growth reaches a fixed width, from where the Canopy

Shear Layer (CSL) parameter is derived as in Equation 2.26,
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CSL =
⟨u⟩CDa

∂⟨u⟩/∂z
= − 2⟨u′w′⟩

2⟨u′2⟩ + ⟨v′2⟩ + ⟨w′2⟩
(2.26)

Equation 2.26 is only valid for CDah > 0.1, because sparse canopies do not create an

inflection point, thus do not produce shear-scale vortices (Nepf et al., 2007). Assuming that

the velocity gradient at the top of the canopy is approximately equal to Uz=h/δe, δe can be

computed following Equation 2.27 (Ghisalberti and Nepf, 2004).

δe
h

=
CSL

CDah
(2.27)

Because of the different turbulence scales driving mass exchange within the canopy lay-

ers, it is also expected to find timescales associated with each layer, Texchange and Twake. Both

timescales occur at the same time and their relative strength determines the transport mech-

anism driving the mixing. The main mechanism driving the mass transport in the exchange

zone is the shear-scale turbulence, and for the wake zone is wake-scale turbulence. Nepf et al.

(2007) defines both timescales as follows,

Texchange =
δe
ke

(2.28)

Twake =
(h− δe)

2

Dw

(2.29)

where ke = 0.19u∗(CDah)
0.13 is the exchange velocity, with the shear velocity defined

at the canopy height h as u∗ = (⟨u′w′⟩z=h)
1/2. The turbulent dispersion coefficient in the

wake zone Dw = Dt,z corresponds to the vertical turbulent dispersion coefficient within the

lower layer. Previous studies propose an empirical expression for the turbulent dispersion

inside the wake zone as Dw = 0.17U1d, where d is the diameter of rigid cylinders, and

U1 = (2gS/CDa)
1/2 is the velocity in the wake zone. (Lightbody and Nepf, 2006; Nepf et al.,

2007; Nepf, 1999).

The dominant timescale obtained from Equations 2.28 and 2.29 will be called Tvert, which

represents the water renewal timescale associated with vertical exchange. This timescale can

be compared to a longitudinal advection timescale, Tadv, represented as,

Tadv =
L

U c

(2.30)

where L is the patch length and U c the vertically averaged in-canopy velocity. Both, Tvert

and Tadv can be compared to with each other to determine the main mechanism dominating

the flushing time within the canopy. The relative dominance of each mixing mechanism,

20



diffusion or advection, can be analyzed through a dimensionless parameter called Peclet

number (Pe).

2.2.3 Peclet number (Pe)

The Peclet number is an useful tool to identify the relative dominance between the timescales

controlling the mass transport and residence time. Pe is defined as the ratio between a

diffusion timescale Tdiff (vertical dispersion in this case) over an advective timescale Tadv, as

shown in Equation 2.31,

Pe =
Tdiff

Tadv

(2.31)

Vertical dispersion can be governed by the shear layer at the canopy top or the wake

turbulence, according to Equation 2.28 or 2.29. Here, a Peclet number can be expressed as

function of each mechanism as Pe = δeU c/keL, or Pe = U c(h− δe)
2/LDt,z, respectively.

When Pe ∼ O(1), both advection and diffusion are significant and control residence time,

then Tdiff ≈ Tadv. When Pe ≪ 1, the mass transport is dominated by diffusion (Tdiff ≪ Tadv)

meaning that vertical transport may have an important influence in the flushing time. This

mechanism has implications in ecological processes such as nutrients, dissolved gases, and

particulate transport across the vertical sediment-vegetation-water exchange. Finally, when

Pe ≫ 1, flushing time may be dominated by longitudinal advection (Tdiff ≫ Tadv), and the

mass trapping by the vegetation decreases (Abdolahpour et al., 2020).
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Chapter 3

Methods

This chapter presents the experimental set up, instrumentation, and methods, used to mea-

sure velocity and concentration maps inside the recirculating flume, and the data analysis

procedure. It describes the materials used to craft the sea-grass surrogates. Figure 3.1 out-

lines the workflow followed to carry out the experiments. It is composed by 4 stages: (1)

surrogate design, patch length and density experimental cases; (2) velocity measurements

and analysis of the fully developed shear layer; (3) tracer tests and image processing; and

(4) coupling velocity and concentration measurements to describe mixing within the canopy

patch.

Figure 3.1: Workflow followed to design and conduct the flume experiments, process the
velocity data, and estimate residence time and dispersion.
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