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Abstract

In the design process of low impact developmerdpetranspiration (ET) is traditionally
overlooked due to both the difficulty of accurateBtimating ET and the continued focus on post
peak flow design criteria. Evapotranspiration im&s two components, the evaporation of water
into the atmosphere and plant uptake for biologicatesses (transpiration). These two
components are controlled by temperature, solaatiad, relative humidity, wind speed, and
water availability. The study of the evapotrangjima process requires measuring these climate
components and relating them to the ET observethdpast, these climate components were
used in equations and methodologies that were dpedlto estimate ET for agricultural
purposes. Therefore, these equations are diffiouktlate to stormwater control measures

(SCMs) as they operate under variety of water atsdity conditions.

In this study, a method to quantity evapotranspinafor a constructed stormwater wetland
(CSW) SCM is constructed using a Mariotte bottlstsgn. The system is designed to
automatically measure ET in a CSW mesocosm in &gated greenhouse, where the

meteorological components are also measured wigthge instruments.

The results are analyzed and relationships beti&eand the meteorological components are
compared using statistics to create a regressiaehas an estimation tool. Correlations
between the climate elements and ET are examinebserve which factors are the driving
forces. In addition, common predictive equationpriactice are examined to study their
applicability for a constructed stormwater wetl&8@M. From this analysis, calibration
coefficients based off of the Penman-Monteith rerfiee crop coefficient are applied in order to

fit the calculated values to the measured evapspigation results of the mesocosm.



The outcomes of this study are to demonstrateigimfisance of evapotranspiration in the water
budget and show its impacts on the design proddssvampact developments. With continued

research using the techniques defined by this sadyore accurate relationship between climate

factors and ET can be developed.



Problem Statement

This research will demonstrate the significancevapotranspiration through quantifying daily
values of ET in a CSW mesocosm and further, rédt¢o the climate parameters. A sensitivity
study is performed to relate ET to the effectseofiperature, relative humidity, solar radiation,
wind, and plant health. As a result of these clerfattors, a new reference relationship is

demonstrated for a CSW mesocosm so that it cae ssra tool for the stormwater practice.

The results of this research thesis will advaneeptfactice of stormwater management. In the
past few years, there has been major progrese icabe for managing storm water through
SCM, which aim to retain storm runoff on site. T&aystems consist of green roofs, rain
gardens, wetlands, and even swales, all servinguhmose of slowing down the time in which
storm water reaches the sewers and river contrilestoA policy issue with many low impact
developments is that they rarely incorporate E& &ctor to sustain the water budget. If ET is

considered, runoff volume can be greatly reduced.

Although focusing on ET is beneficial to the desagpect, designers need to have an idea of
how much volume can be reduced. Therefore, theareh will present an estimation of an ET
study for CSW mesocosm over a period of 165 dagisham weather parameters affect the daily

rate.



1. Introduction

A major challenge in sustainable stormwater managems to comprehend the components of
the water budget and balance the components. Ttez tmadget on land surfaces consist of

precipitation, infiltration, run off, and evapotspiration (ET). Each component itself is difficult
to measure but the ET process is the most chafigngigure 1 illustrates the processes of the

water budget.

transpiration irrigation

rainfall

Subsurfacg |

fl
_;)__h-_ _____
capillary percolation
rise

Figure 1: Water Budget on Land Surface (Allen t1898). Flow through the atmosphere,
surface and subsurface is shown with arrows. Eaijoor and transpiration are shown separately

but are often combined as evapotranspiration

The first step is to measure the rainfall or arfloim that is present. A portion of the water is
then infiltrated in to the soil and contributeghe groundwater system. The amount of
infiltration is different depending on the charaidtcs of the sites. The remaining water is
transpired or evaporated back to the atmospheng efoess water will contribute to the natural

stream systems as runoff.



Sustainable management focuses on reducing thisased runoff. As human population
expands exponentially, so does land developmerth iVe increase in land development, the
issue of managing stormwater becomes much morédisant due to new constructions that
create more impervious area. Therefore, whennsrdess water can be absorbed in to the
ground or collected for evapotranspiration and moreff is created. This runoff causes a

higher concentration of flow and frequency of floaglin the natural water systems.

To reduce runoff, the field of stormwater manageinfecuses on maximizing the designs of
stormwater control measures (SCM), which on irdtls water in the ground or retained water to
reduce peak flow. Example of SCMs include bioretemtbioinfiltration, raingardens, pervious
pavements, green roofs, and CSW, all of which fesum reducing peak flows and through
capturing runoff volume. Their effectiveness is elegent on how well they retain the increased
inflow to prevent runoff higher than predevelopedditions. There are methods available to
accurately quantify the rate of infiltration andwme retained, but the most challenging part is
quantifying ET. This research examines a CSW systémthe use of a CSW mesocosm to

guantify ET, and relate it to the individual weathemponents.

1.1 Constructed Stormwater Wetland

A constructed stormwater wetland system is sintdaa wet pond that incorporates wetland
plants in the design. When runoff flows through @&W, pollutant removal is achieved through
settling and biological uptake. Constructed stortewwaetlands are among the most effective
stormwater practices in terms of pollutant remarad also offer aesthetic and habitat value
(EPA 2006). Constructed stormwater wetlands areggded specifically for the purpose of

treating runoff through elongated complex flow ptitht reduces peak flow over time. The CSW



can also be utilized for volume reduction throughpotranspiration, but this process is often

overlooked.

Although a CSW system can accommodate a highemehf water than other SCMs, there are
limitations that make the design challenging. Tihetations include 1) relatively large amount

of space the CSW consumes making it an impraatigibn on some sites 2) improper designed
CSW might become a breeding area for mosquitosS3)/@equire careful design and planning
to ensure that plants are sustained after theipeastin place 4) it is possible that CSW may
release nutrients during the nongrowing seasorbaddsigners need to ensure that CSW do not

negatively impact natural wetlands or forest dutimgdesign phase (EPA 2006).

The CSW on site at Villanova is the model for thesocosm used in this study. The site is 0.78
hectares with three meanders and a sediment farBlyadyaving multiple meanders, the flow
path is able to be extended for longer retentimetiThe CSW is planted with herbaceous and
woody native plants (Pittman 2011) and is the smofdhe vegetation used in the mesocosm to

quantify the ET.

1.2 Evapotranspiration Overview

Evapotranspiration is a combination of two sepapateesses where water is lost due to
evaporation and used in plant uptake for biologictatesses (transpiration). Evaporation and
transpiration occur simultaneously and are diffitaldistinguish, and even more challenging to
measure accurately. The rate of ET in a CSW isi@mited by several factors which include
temperature, relative humidity, solar radiationnevspeed (Allen et. al. 1993), and the

availability of water.



1.3 Research and Methodology

There have been numerous empirical and semi-erapéguations published to estimate ET
from meteorological data. The various empirical aaohi-empirical equations were developed
for agricultural crops, which include ThornthwaiRjestley and Taylor, Penman, and modified
Penman-Monteith equations. These equations are gtricted to specific conditions and may
not be adaptable to various climate situationsr&@have been numerous researchers that have
analyzed the performance of the various method#f@rent conditions. As a result, in 1990, the
Expert Consultation mentioned by Allen et. al. (8P8etermined that the FAO (Paper 56)
Penman-Monteith (PM) method is the recommendediatdnmethod for definition and
computation of ET. The PM defines a reference EX wses a crop coefficient {Kthat adjusts

ET rates based on the health of agricultural ctopsughout their growing seasons. Since the
PM equation is used to determine the minimum wa¢exd for agricultural crops, it is a different
application than a complex CSW environment thaughes abundance availability of water and
plant species selected for the purpose of up taketgr. In this study, several of these equations

are examined and adjusted to a CSW environmenalilyrating the equations.

In order to perform a comparison on the merit ahegredictive equation, evapotranspiration
must be quantified to compare with the calculag=iiits. One method is the use of lysimeters,
which measures the weight of a mesocosm and amgehia weight from the loss of water is
equated to the rate of evapotranspiration. Theotiseighing lysimeters for the CSW is difficult

due to the precision required and the extensighefvater table above the ground surface.

A Mariotte bottle is able to provide a solution tbe complex goal of having an abundant water

source and maintain a water table. The Mariottddotaintains a constant water head in the



sink end and the source tank (Mariotte bottle) el@ses in water level and can be measured to

determine water loss.

1.4 Research Objectives

This research thesis focuses on three main goals.

l. Quantify evapotranspiration in a constructed wetlanesocosm

Using a Mariotte bottle system, it was possiblguantify the ET from the wetland mesocosm
representing the CSW at Villanova University. Taliewed for fully saturated soil with a water
table that is observed throughout the CSW systdra.vblume displaced by ET was represented

by the change in water level within the Mariottetlsomeasured by an ultrasonic sensor.

Il. Use statistical analysis to develop an equation @ling the relationship between

climate factors and ET

A statistical approach is taken to compare how gharn temperature, relative humidity, solar
radiation, and wind affected the rate of ET. Fiastegression equation is developed for two
depths, a 12.7 cm water table set up, and themanfur the 7.6 cm water table. To verify if

these equations do model successfully show aakdtip between weather factors and ET, a
calibration was performed. This calibration usedgression equation of the 12.7 cm water table
for the first 50 days and then verified to sed&d measured ET fits the calibrated equation over a

167 day period.

Il Evaluate ET equations in current practice usingwetland mesocosm

Predictive ET equations such as the Hargreaveshenidely used Penman-Monteith have

been used for projecting the water demand of alimi@l crops. Contrast that to a CSW, where



the goal is to extract the volume of water giveat there is always availability. In this situation,

the goal of ET research is to see how much watemmved.

In order to apply the common practiced ET equatfonshe CSW, adjustments to the
coefficients are calibrated based on a trial andrenethod. This research will mainly focus on
the modified Penman-Monteith technique. Firstiapaoefficient will be chosen based on
research reviewed by the Food and Agricultural @izgion. Next, the calculated results from
the calculated values from the adjusted coeffisievill be calculated and compared to the
measured results. Lastly, the chosen coefficietitogiapplied to the PM calculated value to

compare how well it fits the measured ET data.

1.5 Organization of Thesis

This thesis is organized in to six main chaptebeylinclude the introduction, background and
literature review, research methodology, results@ascussion, and conclusion. The introduction
section describes the background of the stormwasgragement field and why it is necessary to
extend the study of evapotranspiration for consedistormwater wetlands. In the background
and literature review, the focus is on describimgpatranspiration and techniques to quantify it.
The research methodology section also includesiizgion methods used to predict
evapotranspiration. The results and discussionosesill go over the data collected over the
length of the research project. It includes implatagon of the data collected and forming
regression models to predict ET along with adjgstire widely used Penman-Monteith equation
to fit the results. The application of this studyl e discussed and how the outcome of this
study can be used to advance the field of stormvmaémagement. Lastly, the conclusion will
summarize the study and discuss further reseaatitém be done to produce a more detailed

analysis of ET.



2. Background and Lit Review

2.1 Evaporation

Evaporation is the process where liquid is coneettewater vapor (vaporization) and removed
from the evaporating surface, including lakes,sy@avements, soils, and wet vegetation (Allen
2000). For this process to occur, energy is redumechange the state of the water molecules
from liquid to water vapor. This process is driveainly by solar radiation, and to a lesser
extent, the ambient temperature of the air. Theérmlyiforce to remove vapor from the
evaporating surface is the gradient between thernaessure at the surface and that of the
overlying atmosphere. As evaporation proceedsstin®unding air becomes more humid and
evaporation process will slow down if the humidiainot transferred to the atmosphere. The
replacement of the saturated air with the driersa@& strong function of wind speed (Allen 2005).
Therefore, solar radiation, air temperature, reéatiumidity, and wind speed are all

climatological factors that need to be considerbdmexamining the evaporation process.
2.1.1 Penman Method for Calculating Evaporation

Howard Penman developed a method to measure etigpdiram an open water surface.
Penman’s equation (1948) requires daily mean teatyer, wind speed, relative humidity and

solar radiation.

A
AET = —y(Rn—G)+

Y
— ~Eq 2. 1)

A+
WhereA is the slope of saturation vapor pressure cyriethe psychometric constant; R the
net radiation, G is the soil heat flux, angig€the “drying power of air.” Ewill be defined

further in Chapter 3. The terhET represents the flux density of latent heat (f¥¢h)in to the

air, in this case evaporation and it is in uniteoérgy (W/r) (Penman 1948).



2.2 Transpiration
Transpiration is the process where water is absiattr@ugh the roots of plants and expelled in
to the atmosphere. The water vapor is releasedghrthe stomata of the plant, which are

mainly in the leaf (Figure 2).

Atmosphere

water vapour

F/?—» cuticula

epidermal
cells

intercellular
— space

Figure 2: Schematic Representation of a Plant Seo(#dlen et. al. 1998)
Similar to evaporation, there is a vapor pressuaeignt between the leaf and atmosphere, which
dictates the rate at which water is extracted ftoenleaf. Different plant species can also affect
the rate of evaporation due to the water demandlamd cell structures. In addition,
transpiration is dependent on the energy supplgisting of solar radiation, air temperature, air
humidity, and wind speed. The soil water conteimt the ability of the soil to conduct water to

the roots also determine the transpiration ratee(and Pereira 2000).

Although the process of water vapor leaving théiaimilar in all plants, the rate and time of
day is dependent on the type of photosynthesisfgperthe type of plant. The three main types
of plants and their ideal conditions arg(Best under moist conditions, @inder warm, sunny,
dry conditions, and CAM (under desert conditiodafietta 2008). In a CSW, most of the
plants are type £photosynthesis due to the moist conditions thatdal for their photosynthesis

process.



2.3 Evapotranspiration

The combination of evaporation and transpiratioreferred to as evapotranspiration (ET), due
to the difficult in separating the two simultanequecesses. The evaporation from a soil surface
containing plants is mainly determined by how maaclar radiation reaches the soil surface. As
plants mature and become denser, the effects af sadiation on the surface decrease. At this

point, transpiration through plants governs andbees the main process (Figure 2.2).
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Figure 3: The Partitioning of Evapotranspiratiotoievaporation and transpiration over the

growing period of an annual field crop (Allen dt. 098)

The sowing through harvest time can be represgetafithe plant growth cycle where seeds are
planted at sowing and plants are past their mgtduting harvest. During the peak mature stage
of plant growth, crop transpiration is the highastl evaporation is the lowest. The leaf area

index (LAI) at this point is also at its peak. Fbe periods in between, there is an inverse



relationship between transpiration and soil evajpmmalue to the surface area available for

evaporation.

2.4 Factors Affecting Evapotranspiration

There are many factors that must be considered wkamining ET. They include atmospheric

parameters, crop characteristics, management amwemental aspects.

2.4.1 Atmospheric Factors

The main atmospheric parameters are solar radjatiotemperature, humidity and wind speed.
When temperature increases, evapotranspiratios valieincrease, especially during the
growing season. In the growing season strongergiurdnd warmer air masses along with
higher temperatures will cause the plant cells Wiaiblow the stoma to open, releasing more
water in to the atmosphere. Relative humidity hageerse relationship with ET, such that
higher humidity tends to result in lower ET ratesduse it is easier for water to evapotranspirate
in to dryer air than in to more saturated air. Aarease in wind and air speed will resultin a
higher ET rate because the air movement allowthsaturated air from the released water
vapor to be moved. This will allow for drier air teplace the area, which will allow more space
for water to be vaporized (USGS 2012). Soil moestavailability is also a factor that will affect
ET where less available moisture will result inezrase to ET. Due to the CSW environment,

there is always a water table, which will resulinompleted saturated soil with pore pressure.

2.4.2 Crop Characteristics

The development of the crop coefficients has batnsively studied by Richard Allen, co-
author of the Food and Agricultural Organizatiomgiation and Drainage Paper No. 56 (FAO

56).



There are four primary characteristics that aresictgred when developing a crop
evapotranspiration that include: 1) crop cover dgrd total leaf area; 2) resistance of foliage
epidermis and soil surface to the flow of waterara@) aerodynamic roughness of the crop
canopy; and 4) reflectance of the crop and sofbserto short wave radiation (Allen 2003). The
crop ET coefficient, K was developed and applied to agricultural situestj and is also

generally valid for natural vegetation and condisancluding open water, but can have large
spatial variability. During the growing season,Jries as plants develop, so that the fraction of
ground covered by vegetation changes, and thespéayg and mature. In addition, ¢an vary
according to the wetness of the soil surface, ealbeavhen there is little vegetation cover, such
that the coefficient will have a high value wheiil 8owet and steadily decreases as the soil dries
(Allen 2003). Figure 4 developed by Allen illusedhe change in &during the life cycle of

crops and seasonal changes.
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Figure 4: Typical Ranges expected in Kc for therferowth Stages (Allen et. al. 1998)

As illustrated in figure 4, the crop coefficienthcaary substantially throughout the seasons. In
general, at its peak,ian be 1.2 and as low as 0.2 during the late sed$is crop coefficient

serves as a multiplier for use with developed esfee ET equations such as the Penman-

Monteith.
ET, = K.ET, (2.2)
ET. = Crop evapotranspiration (mm/d)
Ke = Crop Coefficient
ET, = Reference Crop ET (mm/d)

The steps to calculate Egonsists of:



1) Identify the crop growth stages, determining tiemgths, and selecting the
corresponding Kcoefficients

2) Adjusting the selected coefficients for frequent of wetting or climatiorditions
during the stage

3) Construct the crop coefficient curve (identifyingeok; value for any period during
growing season)

4) Calculate ET as the product of ETand K

In order to determine ETo, the FAO-56 paper recondaehat the Penman-Monteith equation to

be used, which takes in to consideration the cknpatrameters and seasonal changes.

2.5 Calculate Reference Crop Evapotranspiration, E®

2.5.1 Actual, Potential and Reference Evapotrarsimn

The three terms that are most commonly used intdyiag and calculating evapotranspiration
are actual, potential and reference. There are @mmisconceptions between the three terms

that relate to their description of evapotransprat

Actual ET is a function of surface, subsurface, amadeorological conditions. It is the quantity
of water vapor evaporated from the soil and plartsn the ground is at its natural moisture
content (WMO 1992). The most common method to nreasctual evapotranspiration is

through weighing lysimeters, which use a mass lcalamethod and measures water loss.

Potential and reference ET were developed to editeithe crop specific changes in the
evapotranspiration process (Irmak and Haman 2@0@8)man defined potential

evapotranspiration as the amount of water trandgiyea short green crop, completely shading



the ground, of uniform height and with adequateawatatus in the soil profile. This definition of
potential ET rate is not related to a specific ¢iga result, it is difficult to conclude a spexif
rate for ET since well watered agricultural cropgyrbe as much as 10 to 30% greater than that

occurring from the green grass (Irmak and Hamar3R00

Reference ET is defined as “the rate of evapotigatsgn from a hypothetical reference crop
with an assumed crop height of 0.12 m (4.72 itijxed surface resistance of 70 set (0 sec

3.2 ft') and an albedo of 0.23, closely resembling thg@etanspiration from an extensive
surface of green grass of uniform height, actigglywing, well-watered, and completely
shading the ground” (Irmak and Haman 2003). Iniotherds, reference ET is a calculated value
based off of weather conditions, seasonal chamgestype of crops, while potential ET
eliminates the crop specific changes in the evapspiration process. The most common
practice to quantify reference ET is through therRan-Monteith calculation, which is followed

by the Food and Agricultural Organization.

2.5.2 Penman-Monteith Equation

The original PM equation was developed in 1948sHguation combined the energy balance
with the mass transfer method and derived an emjuatiorder to compute the evaporation from
an open water surface from collected weather diathuded in the PM equation are the
aerodynamic resistance, and bulk surface resistancg,terms that are crop specific (Howell
and Evett 2004). The surface resistance desctileaesistance of vapor flow through stomata
openings, total leaf area and soil surface. Thedgamic resistance describes the resistance
from the vegetation upward and involves frictioonfr air flowing over vegetative surfaces

(Allen et. al. 1998). By including the resistaneetbrs, the PM equation can be formed.



AR, — G) + pacy s ; %
AET, = a

- (2.3)
A+ y(1+ é)

AETo = Latent-heat flux for ET (W*)

Rn = Net radiation at the crop surface (MFPm™)
G =  Soil heat flux density (MJ*iftd™

Pa = Mean air density at constant pressure
Co =  Specific heat of the air

& =  Saturation vapor pressure (kPA)

€ = Actual vapor pressure (kPA)

e-e, = Saturation vapor pressure deficit (kPA)
A =  Slope vapor pressure curve (KPA*¥C

Y = Psychrometric constant (kPA*°{]

s = Bulk surface resistance

—_
Q

Aerodynamic resistance

TheAET variable represents the energy required to eespavater at the specified ET rate and it
states that the net radiation input at land surifacesed to heat the air, warm the soil, and
evaporate water (Healy and Scanlon 2010). The blasahat make up the PM equation include
all the parameters that govern energy exchangeamesponding latent heat flux
(evapotranspiration from uniform expanses of vagetaThese parameters can be measured or

calculated from collected climate data.

2.5.3 Penman-Monteith Equation modified by Food Agdcultural Organization

In 1998, the Food and Agricultural Organization lgi®d a paper titledFAO Irrigation and
Drainage Paper No. 38written by Richard Allen, Luis Pereira, Dirk Raesd Martin Smith
proposes a modified PM equation estimating refex@wapotranspiration that overcomes
shortcomings of the previous method and providésegamore consistent with actual crop water
use data worldwide. As a result, the FAO-56 PM &quoas able to provide a standard to which
evapotranspiration at different periods of the y@an other regions can be compared and a

comparison between other crops.
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(2. 4)

ETo = Reference evapotranspiration (mrifd

Rn = Net radiation at the crop surface (MJ*d™)

G = Soil heat flux density (MJ*iftd™)

T = Mean daily air temperature at 2 m height (°C)
Uz = Wind speed at 2 m height (m¥s

e =  Saturation vapor pressure (kPA)

€ = Actual vapor pressure (KPA)

e-e, = Saturation vapor pressure deficit (KPA)

A =  Slope vapor pressure curve (KPA*™C

Y = Psychrometric constant (kPA**C

For equation 2.4, standard climatological recordh solar radiation, air temperature, humidity,
and wind speed is needed. These measurements $ieotaklen at 2 m above the soil surfaces, if
not; a conversion equation will be needed. The F@man-Monteith equation is a close,
simple representation of the physical and physiolddactors governing the evapotranspiration
process (Allen et. al. 2003). By using the FAO Pafigition for ET,, a crop coefficient Kis
needed that is specific to research sites by ngjdtie measured crop evapotranspiration with the
calculated as previously discussed. While not ressgdor a CSW application, there is also a

stress coefficient, Kthat considers drought and other stress condition

2.5.4 Hargreaves Equation

When climate data such as solar radiation, reldtieidity, or wind speed are missing, an

alternative method to calculate £dan be estimated using the Hargreaves equation:



ET, = 0.0023(Tean + 17-8) (Tomax — Tmin) > Ra (2. 5)
Where T is temperature in Celsius and$®the extraterrestrial radiation calculated ascdbed
in Chapter 3. Both units for Eand R are in mm/d (Allen et. al. 1998) where the coédint

serves as a conversion factor.

Even though the Hargreaves equation does not eethersame variables as the Penman-
Monteith equation, there have numerous indeperideastigations comparing it to different
models where it consistently produces accuratenagtis of potential evapotranspiration. The
comparisons examine methods such as energy bdkoitaques, the Penman combination
equation, or lysimetric observations (Hargreaves Samani, 1982; Mohan, 1991; Saeed, 1986).
The Hargreaves equation especially has a highlatime with the Penman combination

equation for estimates of average weekly evapgbieateon in humid regions (Mohan 1991).

2.6 Published Methods of Quantifying Evapotranspiréion for SWW

Lysimeters

The most common method to quantify actual evapspiaation in the field is through using
weighing lysimeters. Weighing lysimeters measu@nges in the mass a soil sample that may
contain crops or plants selected for a study opetranspiration. However, lysimeter
installations suffer from some serious drawbacktuging disturbance of the soil profile,
interruption of deep percolation and horizontalWfloomponents and uneven management of
lysimeters compared to field soil (Grebet and Caet291). In addition, there is a high cost
associated with using lysimeters due to the loadstNmportant, the vegetation both inside and

surrounding the lysimeter must be perfectly matohikd the same height and leaf area index.



2.7 Background on Mariotte Bottle Device
For this research thesis, ET is quantified for SA\G&Shvironment that has a constant water table.
Therefore, using a lysimeter is not possible. T&erthe CSW mesocosm set up possible, a

device called a Mariotte bottle is used.

The Mariotte bottle allows for delivery of a liquad a constant pressure. The design was first
reported by E.L. McCarthy (McCarthy 1934), but intel by Edme Mariotte in the % Zentury.
It can be connected to a secondary container (sind)in this case, it allows for an adjustable
water table to the CSW mesocosm connected to ttile l§Gattle and George 1999). Figure 5

illustrates a Mariotte bottle connected to the C®®@s0cosm.

].'_\

Air Inlet

Mariotte Bottle

Reference Line
Mesocosm

Figure 5: Mariotte Bottle Layout



The only change in pressure or water table is withe bottle, the water table in mesocosm is
able to remain constant. The Mariotte bottle isstarcted so that it is completely closed with an
air inlet tube placed on top. A second openingeseas an outlet for the liquid to be delivered
(Marian 2006). A reference line for pressure isleshed at the bottom of the inlet tubey P

and is calculated by:

Prep = pgho + Pspace (2.6)
The variables are defined gss the density of wateg is the acceleration of gravitly, is the
difference in height between the top of the watet e bottom of the tube afgyaceis the
pressure in the space above the water. When tlhet mubpened, water flows out of the bottle
until Pspacefalls to where it equals atmospheric pressure spghy, the pressure exerted by the
water column. At this point, the water inside thbé has fallen to the bottom of the tube, and the
pressure at its bottom opening equals atmosphergspre.tfy, decreases slightly during this

process) (Marian 2006).

2.8 Statistical Approaches to Estimate Evapotranspation

One of the objectives for this research thesie uiantify ET within a CSW. From the measured
values, a relationship is developed between timeaté data collected to the resulting daily ET
rates and compared to the calculated FAO-PM equatié. In order to create a relationship, a

statistical approach is taken using correlation r@gtession analysis.

A correlation analysis is a measure of linear assiot between two variables (Encyclopedia
Britannica 2012). The results are always betweeandl+1 where a correlation coefficient of +1
indicates that two variables are perfectly related positive linear sense. A -1 value results in

an inverse relationship; a value of zero indicat@$inear relationships. Correlation analysis is



necessary as it indicates which environmental fdzas the highest impact on the resultant ET

from the data collected.

A multiple linear regression analysis involves itiigtmg the relationship between a dependent
variable and one or more independent variablesy@opgedia Britannica 2012). The analysis
assigns a coefficient for every independent vagigk) and forms a linear equation which takes

the following form:

y=ax; +bx,+cx;+dx,+7
Each coefficient (a, b, ¢, d, etc...) are calculateform a trend line of the dependent variable so
that the best fit is possible. The equation cateslan intercept, Z, which is also important in

forming the best fit line for the dependent var&abl

This method of using regression analysis with EThadependent variable and the
environmental factors as the independent is comtmmughout research studies. The following

contains an example that utilizes this statistjgrapch.

Eagleman, J.R. (1971). An Experimentally Derivedi®dor Actual Evapotranspiration.

The study published by J.R. Eagle of the Univemsititansas used a regression analysis
approach to develop a relationship between expeatehdata from several different climatic
regions to actual water loss rates from land sedachree different environmental conditions
were studied and combined in to a single modelesging the composite relationship. In
addition, some investigation resulted in concludimat ET is also a function of the soil moisture,
MR, (Demead and Shaw 1962). The author also studiklished potential ET equations and
assigned an independent varial®lg, A cubic function between the soil moisture, ptitdrET,

and the three various environmental coefficieAtsE, C)were assigned to equate the actual ET,



AE. From the data source collected, the author dpeeldable 1 that varied each coefficient to

actual ET for each data set.

AE
55 = A+ BMMR) + C(MR)” + D(MR)?

Table 1: Comparable Regression Coefficients (Eagiheh®71)

A R . C D PE Dara source

(mm/day)

0.3440 336 —5.34 268 20 DermEeaD and SHaw (1962)
00870 3.40 —4.11 1.62 13 DerMEAD and SHAW (1962)
02180 2,78 —3.28 1,29 14 PiErcE (1958)

(L0334 2.58 —1.83 0.185 4.1 DermEAD and Smaw (1962)
02419 1.46 1.23 L5353 51 EaGLEMAN (1963)

LO1EG 1.05 1.58 1.69 5.6 DenmEAD and Sxaw (1962)
00361 —0.412 1.93 —.465 6.4 DermeaD and Smaw (1962)

0.0599 —0,359 4.87 —3.62 9.0 VAN BAvEL (1967)

Concluding the paper, the author claims that a getadionship exists between climates B, C,
and D (which are undefined) although there were\distinct different types of vegetation
and climate conditions in the analysis. This implieat the general response of these different
types of vegetation to their environment was gsiiteilar (Eagleman 1971). He also states that
since the moisture changes corresponding to diffetepths because of the differences in
rooting characteristics of the plants, there wdlldn orderly relationship between actual

evapotranspiration, potential evapotranspiraticth smil moisture.



3. Research Methods

This section presents on the research methods wheth include the mesocosm set-up and
experiment, as well as the statistical methods tsatalyze observed data. The experimental
procedure consisted of a CSW mesocosm coupledanMariotte bottle system that was
instrumented to quantify ET. The correlation andtiple linear regression statistical methods
were used to determine a predictive equation fqrdhl compared to common methods
currently employed. There was also calibratiorhefmodel regression equation to verify the

model’s applicability.

3.1 Mesocosm System

A mesocosm of a CSW was developed using a 46 cmede barrel filled with soil from
Villanova University’'s CSW to a depth of 61 cm. ft&from the Villanova CSW were used in
the mesocosm to simulate a CSW environment. Thegplae made up of mostly Sagittarian
Latifolia, also known as broadleaf arrowhead. Astant water level was maintained with a
Mariotte bottle system to create constantly pormedtitions, replicating conditions found in the
Villanova surface flow CSW. Figure 6 are picturéshe Sagittarian Latifolia plant in its early

growing stage.



a) Initial Planting of Mesocosm b) Two months afanting
(June 28, 2012) (August 28, 2012)

Figure 6: CSW Mesocosm with Plants.

3.2 Mariotte Bottle System and Measuring Devices

The Mariotte bottle system is a device that proithes ability to maintain a constant output
water head pressure as described previously. Thrsolte system (described in Chapter 2.8)
fundamentally serves as the means for quantifyingals the changes in water depth within the
Mariotte bottle system reflect the amount of ETnirthe CSW mesocosm. The Mariotte bottle
consists of a closed container 152 cm high andinadiameter. An ultrasonic sensor (Senix
ToughSonic “TSPC” Distance Sensors) threaded throlig top of the Mariotte bottle measures
the change in water level every 5 minutes. Theeedsnnection for water to the CSW mesocosm
connected to the Mariotte bottle bottom. Additidpaihere is a pressure release used to release
the air build up when the bottle is being filleddamvalve used to enable the flow to the

mesocosm.
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Figure 7: Constructed Stormwater Wetland MesocosthiUp

To convert the volume evapotranspirated into atdeper the mesocosm, the change in water
level is multiplied by 0.444, which is the ratiotble water surface area in the Mariotte bottle to
the water surface area of the CSW mesocosm. Fong@gaa 1 mm depth change in height of

the Mariotte bottle represents a 0.444 millimetergye in the mesocosm.



Figure 8: Photos of Mariotte Bottle and CSW Mesaotdsarly plant growth)

Evapotranspiration is an energy driven procesahich the energy is derived from
climatological parameters, such as temperaturativelhumidity, solar radiation and wind. A
weather stationRelative Humidity and Temperature — C.S. HMPG60 laBdtton,

Solar Radiation — C.S. LI200X Silicon Pyranomet¥ind — 014A-L Anemomejaras used to
measure the different climatological parameterS€ampbell Scientific (CS) Data Logger
(CR1000) was used as a central connection to ther atstruments to record data continuously
at 5 minute intervals. Figure 9 is a picture of vehthe weather instruments and data loggers

were located.
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Figure 9: Location of Weather Instruments. Includethis picture is the fan used to apply wind.

These instruments were connected to a data loggehwollected data every five minutes.

Also, the growth of the plant shown is when theeaegsh was at day 36 (Figure 9), which was a

little past its matured stage because it is showihtle bit of yellow, a sign of drying.
3.3 Calibration of Ultrasonic for Greenhouse Envirament

Since the experimental set up is in a greenhomgiecmment, heat lamps are used to
maintain a constant temperature. As seen in Figutiee ultrasonic sensor is on top of the
Mariotte bottle, which was directly below a heahta The ultrasonic sensor has internal
temperature compensation since the speed of ttasaitic sensor is dependent on the
temperature; the equation 3.1 was used to calctilatepeed of ultrasonic waves as a function of

temperature (Y) (NDT 2008).



Vadj = 331 + 0.6 * (°C) (3. 1)
However, the heat lamps above the ultrasonic sgslols a temperature about 20 °F higher
than the temperature inside the Mariotte bottleqrded with a temperature probe, specifications
are in Appendix A).Therefore, the internal compéieseof the ultrasonic is inaccurate and has
high fluctuation due to the high temperature causethe heat lamps. To resolve this problem,
the ultrasonic was shielded and the internal teatpeg compensation was disabled and a new
compensation is calculated using the equation 3.2.

(Vadj — Vunadj)

Hadj = H+ (H
a4 (H = Vunadj

) 3.2)

Where H is the original height readingagMs the adjusted velocity, Wag;is the unadjusted
velocity, and Hg;is the adjusted height. Using the new adjustmeheight reading, the reading
of the ultrasonic is substantially more stable aoclurate. Figure 10 is an example of a
comparison between unadjusted with the internalpsarsation temperature enabled and the

adjusted reading with it disabled.
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Figure 10: Comparing Ultrasonic Results of AdjustedNonadjusted

For the ultrasonic without using the equation aipest for ultrasonic velocity, there is a higher
variation in reading than when an adjustment wadiegh By adjusting the ultrasonic reading,

this allowed for more precise reading of ET so thatvalues are more consistent.

3.4 Examining Common Practiced Reference ET Equaties for Comparison

The third objective of this research project caissig examining the current published equations
that are in common use. They consist of the Penvihamteith, Hargreaves, and Penman

eqguation for evaporation. These predictive equatare based on weather parameters that can be
measured from the instruments. Table 2 is a lishefweather parameters and their assigned

variables for use in the reference evapotranspimaguations.



Table 2: Weather Parameters Needed For ET Equations

ET Equations Weather Parameter
Temp Rel. Hum. Solar wind
Hargreaves v v
Penman Evaporation v 4 v
Penman Monteith 4 4 v v

3.5 Using Weather Parameters to Calculate Evapotraspiration

The meteorological factors that determine evapspmation were weather parameter collected
from the weather instruments. The weather providesnergy needed for vaporization and are a

driving force for plant biological processes. Thimpipal weather parameters are as follows.

Solar Radiation (MJ*r*d™)

Solar radiation is the energy available to vapowager and is an important factor in the rate of
plant biological processes. The potential amoumadfation that is available is determined by
the site location and time of the year. The actoddr radiation depends on the turbidity of the

atmosphere and presence of clouds, which reflettrorb major parts of the radiation.

Air Temperature (C)

An additional effect of solar radiation is whemé&comes absorbed by the atmosphere,
temperature rises. The sensible heat of the suliogmir transfers energy to the crop which
influences the rate of ET. For example, in sunrgsnwvweather, the loss of water by the ET is

greater than in cloudy and cool weather.



Air Humidity (%)

Also called relative humidity, it is the determigifactor for the vapor removal. This vapor
removal is the difference between the water vapessure at the evapotranspiring surface and
the surrounding air. When more vapor is able todoeoved in the atmosphere, then plants will
have more space to excrete water vapor. For examgtet dry arid regions, plants will

consume large amounts of water due to the abunddrereergy and the desiccating power of the
atmosphere. In humid tropical regions, the high iditsnof the air will reduce the amount of
potential ET due to the smaller difference in watgpor between the atmosphere and plant

surfaces.

Wind Speed (m/s)

The process of vapor removal depends on wind artdréiulence which transfers large
guantities of air over the evaporating surface.iuthe vaporization of water, the air above the
evaporating surface becomes gradually saturatédwdter vapor. If this air is not continuously
replaced with drier air, the driving force for wat@por removal and ET rate will decrease.
Figure 11 illustrates the effects of a combinatidelimate factors that will affect ET in a hot

and dry and humid and warm climate condition.



reference evapotranspiration

0 0.5 1.5 15 20 25 30
wind speed (m/s)

Figure 11: Effects of Wind speed on EvapotransioinatAllen et. al. 1998)

Temperature, solar radiation, relative humidityd annd speed all affect one another. Therefore,
they are the four main weather components thaesss\the basis for calculation of the

commonly practiced evapotranspiration equations.
FAO-56 Penman Monteith Equation to Calculate RefeeeET

The PM equation published by the Food and Agricalt@rganization uses weather data that
can be easily measured. The following calculatioses different climate parameters to formalize

the variables within the PM equation 2.4 describgdllen, et al. (1998).
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Net Radiation, R

The net radiation is the difference between thenmag net short wave radiationydrand the
outgoing net long wave radiation,R

o Rn = Rns - Rnl (3 3)
Net solar or net shortwave radiation,R

The net shortwave radiation is the result fromialance between incoming and reflected solar

radiation.
Rps = (1—)R; (3.4)
R« = netsolar or shortwave radiation (MF nfay")
a = albedo or canopy reflection coefficient, 0.23
typical grass
Rs = theincoming solar radiation (MJTaay")

Net long wave radiation, R
The net long wave radiation is proportional to @ahsolute temperature of the surface raised to

the fourth power, expressed by the Stefan-Bolznhamwn

4 4
o {Tmax,,( ;r Tmm,K| (034 — 0.14/27) (1.35RR—; ~035) 3.5)
Rui = net outgoing long wave radiation (MJrday")
o =  Stefan-Boltzmann constant
(4.903 10 MJ K* m*? day?)
Tmaxk = Mmaximum absolute temperature during the
24-hour period (K =°C + 273.16)
Tmink = minimum absolute temperature during the
24-hour period (K = °C + 273.16)
€ = actual vapor pressure (kPa)
RJ/Rsc = relative shortwave radiation (limited to < 1.0)
Rs = measured or calculated solar radiation
(MJ mi? day")
Rsc = Calculated clear-sky radiation (MJ’rday")



Clear-sky solar radiation, &

Ry, = (0.75+ 2 x107°2)R,, (3.6)
Rsc = extraterrestrial radiation
z = station elevation above sea level (m)
R, =  Soil heat flux density (MJ*m-2*d-1)
Extraterrestrial radiation, Ra
24(60
e = (60) Gscd,[ws sin() sin(6) + cos(p) cos(8) sin(wg)] (3.7)
Ra = extraterrestrial radiation (MJ’nday")
Gsc = solar constant = 0.0820 (MF min™)
dr = inverse relative distance Earth-Sun
®S = sunset hour angle (rad)
[0) = latitude (rad)
d = solar declination (rad)
21
d, =1+ 0.33 cos (%1)
& = 0.409si (Zﬂ 139)
=0. sin 365] .
J = Number of the day in year (1-365 or 366)

wg = arccos(—tan(¢) tan(6)

Atmospheric Parameters, P

The atmospheric pressure is the pressure thatiseekby the weight of the earth’s atmosphere,

where evaporation at high altitudes is promotedtduew atmospheric pressure.

293 — 00652\ >%°

Atmospheric Pressure (kPA)
Elevation above sea level (m)



Latent heat of vaporization,

The latent heat of vaporization is the energy neglio change a unit mass of water from liquid
to water vapor in a constant pressure and temperptocess. Since it only varies slightly over

normal temperature ranges, a single value is used.

MJ
A =245— (3. 9)

kg
Psychrometric Constan,

The psychrometric constant is the relationship betwpartial pressure of water vapor in the air
to the actual air temperature. It is derived usiogstant variables established by past research as

published by Allen, et. al. (1998).

cpP
y = 1 = 0.665 * 1073P (3.10)

&
Psychrometric constant (kPa™®C
Atmospheric pressure (kPa) (eq. 3.8)
Latent heat of vaporization, 2.45 (MJ g
(eq. 3.9)
Specific heat at constant pressure, 1.013*10
(MJ kg* °C™
€ = ratio molecular weight of water vapor/dry air
=0.622

> U=
o 1

o
°
1

Slope of the saturation vapor pressure cuge,

4098 [0.6108 exp (%)]
A= ' (3. 11)
(T + 237.3)2
A =  Slope of saturation vapor pressure curve at air
temperature T (kPA °€)
T = Temperature (°C)



Mean Saturation vaporgse

17.27T
o — -
e’ (T) = 0.6109expT 7373 (3.12)
e(T) = Saturation vapor pressure at the air tempezak
(kPA)
T =  Air temperature (°C)
e, = e°(Trmax) ‘2|‘ e°(Tinin) (3 13)
& = Mean saturation vapor (kPA)
Actual Vapor pressuregze
RH RH,,;
e (Tmin) ﬁ + eo(Tmax) T"E)m
eq = (3.14)

2

€ = Actual vapor pressure (KPA)
RH = Relative Humidity (%) (daily max, min)



4. Results and Discussion

Based on the methodology presented, ET was measnradotal of 167 days and compared

with current predictive ET calculation equationkeTneasured ET from the CSW mesocosm, as
previously outlined, was measured by the changeater level of the Mariotte bottle as recorded
by the ultrasonic sensor. The water level changbeearMariotte bottle was converted into a
volume change that was converted to the ET frormtesocosm, which is done by a ratio of

surface areas (i.e. 0.444).

mm
ETmesocosm (T) = 0.444 * AHyariotte (4- 1)

In addition to the results of the ET observed mitiesocosm, this chapter will discuss the
observed ET related to the climate data recordeddévelopment of a relationship of climate
factors to ET results using regression analysid,cafibration of commonly practiced equations

in order to fit measured ET results
4.1 Quantified Results

The first phase consisted of a 12.7 cm (5 in.ewttble and ran for 68 days. During the
second phase the water table level was adjustéd tom (3 in.) for 45 days. For the third phase
the water table level was restored to 12.7 cmdanake a comparison between the seasonal
changes and plant livelihood. Throughout thesegsagind is controlled between an
insignificant presence to a measured speed of dous. In between these phases, the plant
maturity was observed in order to develop a peréoree adjustment similar to that of the crop
coefficient K; from the Penman-Monteith equation. Table 3 showshvparameters could be

varied or were naturally part of the study.



Table 3: Varying Parameters of ET Study

Varying Parameters

Temp Rel. Hum. Solar Wind Water Plant
Depth Health
Controllable v v
Uncontrollable v v v v

The uncontrollable parameters allow a simulatiothefvariation in weather parameters, which

is important in order to provide as much of a naltaondition as possible. There was a change in
daily ET when wind and water depth was adjustedugihout the study. Figures 12-14 illustrates
the daily ET along with measured weather paramébersach individual phases. Daily average
pan evaporation result is also shown from usingpd kell is also shown so that a comparison

between evaporation and transpiration can be dpgdlo

12.7 cm [5 in] Water Table Daily Data (Days 1-68)
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Figure 12: Results for Phase 1 (Days 1-68)



7.6 cm [3 in] Water Table Daily Data (Days 69-113)
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Figure 13: Results for Phase 2 (Days 69-113)

12.7 cm [5 in] Water Table Daily Data (Days 114-167)
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Figure 14: Results for Phase 3 (Days 114-167)




Temperature throughout the study did not vary sautigtlly, staying around 70 through 80
degrees Fahrenheit (294 to 300 Kelvin). The steattywas due to the experiment being set up

within a greenhouse that maintains a constant teatyre for plant growth throughout the year.

Relative Humidity varied over a large high rangeept during the first few days of the research.
These high relative humidity values are a resuthefcooling system of the greenhouse, which
uses a water cooling system that has fans spre#itengater vapor. Therefore, the water vapor

will cause the air to be more saturated, resultirgn increase in relative humidity.

Solar Radiation during phasel was around 3.5 Nttt but declined in phase 2. The decline
of phase 2 decreased because the heat lamps ubedgreenhouse was turned off during the
winter months, in addition to the shorter dayligburs. In the middle of phase 3 around day 140,

solar radiation increased again as Spring began.

Wind is added on day 35 of the experiment in otdetevelop a relationship between ET and the
presence of wind and without. The wind is creatgdding a tower fan that generates average
wind speed (between 1.5 to 2.5 meters per secamilh is taken from the data of a green roof

at Villanova University..

Table 4 shows the maximum and minimum and averagedch parameter to show how

conditions differ throughout each phase.



Table 4: Average, Maximum, and Minimum of Weathen@itions

Temp (F) Rel. Hum (%)  Solar (MJ*m™d™)

Avg Max Min Avg Max Min Avg Max Min
Phasel 76 79 71 40 77 18 3 5 3
Phase2 72 74 71 26 48 12 1 2 0

Phase3 72 79 55 30 55 15 3 6 0

Evaporation averaged around 2 mm/d during phabatin phase 2 and 3 daily average value
was approximately 3.5 mm/d. The increase in evdjporéor phase 3 was due to filling up the
pan evaporation bucket an inch from the top, rathen a couple of inches from the bottom in.
The higher water elevation allowed for the watefaste to be exposed to wind and drier air.
When the surface level was a couple inches fronbditioem, the average evaporation was 1.8

mm/d comparing to 2.7 mm/d when it was filled te tbp.

There is a noticeable difference in the daily EWeen each phase with phase 1 having the
highest at an average of 22 mm/d while phase Zhade 3 were approximately 18 mm/d and
10 mm/d, respectively. Although a change in theawtble from 12.7 cm to 7.6 cm from phase
1 to 2 could have contributed to the decreasehduinvestigation of the data concluded that it
was mainly the plant growth cycle. As phase 2 begdecember 2011, the plants started
showing signs of dryness, representing maturitgréfore, when the plants are past their
growth, ET starts to decrease because they doeaat &s much water for growth. The next

section illustrates the health of the plants thhmud the research.



4.2 Plant Health and Growth

Visual observations were made about the plant ntatiduring the first phase of the experiment
the plants were at the height of the growing seaa®seen in Table 5 (phase 1) with full, dense
plants. During the second and third phase the plstatrted to die due to the natural plant cycle
and a bug infestation that was noted on day 11Br(faey 6, 2012). Note in Table 5 (phase 2)
that the plants are not as lush as in phase 1lhand are several brown stalks. A slight difference
in the daily average ET (around 5 mm/d) betweemniier tables is demonstrated at phase 2.
Once it switched back to 12.7 cm in phase 3, tlilg &8 showed a drastic drop as the majority
of the plants showed signs of dryness.

Table 5: Picture Timeline of Plants (Phase 1-3)

Picture Timeline of Plants — Phase 1 (September 2D11 thru December 12 2011)
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September 29, 2011 October 17, 2011 November 29, 2011
Day #8 Day #17 Day #56




Table 5: Picture Timeline of Plants (cont.)

Picture Timeline of Plants — Phase 2 (December 1822 thru February 2 2012

AR

December 22, 2011 January 5, 2012 January 23, 2012
Day #75 Day #88 Day #105

Picture Timeline of Plants — Phase 3 (February 2 2@ thru March 26 2012)
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February 7, 2012 March 1, 2012 March 27, 2012
Day #119 Day #141 Day #166




The difference in ET throughout the life of thergkais previously discussed and can be
represented with the Penman-Monteith crop coefitdi@. For the different ET results between
the two water tables (21 mm/d for 12.7 cm and 17drfior 7.6 cm), a hypothesis that can be
drawn is that more pore water pressure allows faster plant uptake process, which will be
difficult to prove. Based on the picture timelitieg difference in the average ET rate through the
phases is most likely due to the maturity of thenpd. When the plants are more matured, they

do not require as much water as their growth stage.

4.3 Statistical Analysis to Develop Relationship Eeation of Results

In order to develop a relationship between the aferfactors measured to the quantified ET,
statistical analysis methods must be used. Thiesfiep is to see how the weather parameters
affect ET through a correlation analysis. Followiagnultiple linear regression model is

developed.

4.3.1 Correlation Analysis

In a correlation analysis, two numbers are produEedt, a value is given on the magnitude of
the association, which is similar to a sensitivélationship, and this is the correlation value.
Next, a percentage is given for each independerdbla (temperature, relative Humidity, solar
Radiation, and wind Speed) that identifies thedlividual contribution to the dependent variable,
in this case, the ET measured. This correlatiotyarsais presented in Figures 15 and 16 for the
12.7 cm (5 in.) during the growing season, thecig3 in.), and the 12.7 cm water table as

plants are past their matured stage.



12.7 cm (5") Water Table Correlation

mTemp (F) mRelHum% = Solar MJ*m-2*d-1) = Wind (m/s)

Figure 15: 12.7 cm WT Correlation Analysis

7.6 cm (3") Water Table Correlation

m Temp (F)
0.043
2%

mTemp (F) mRelHum% mSolar MJ*m-2*d-1) m Wind (m/s)

Figure 16: 7.6 cm WT Correlation Analysis




The correlation for the 12.7 cm (5 in) water tasi®ws that relative humidity has the highest
contribution with a sensitivity magnitude of -0.8&#hich supports the conclusion that it is the
governing climate factor of ET, as previously dssed. This calculation agrees with the
Penman-Monteith equation where the actual air vapessure variablegewhich is calculated
by relative humidity data, is subtracted and catSeto be less. Therefore, with higher relative

humidity, there will be a decrease in ET due tonalter water vapor gradient.

Temperature and solar radiation are very similaensitivity and have a contribution of 18%
(but have a negative value). In the instances wthereorrelation coefficient is expected to have
a positive impact on ET, a driving factor suchelative humidity causes it to have an inverse
relationship. This is due to days where solar tashaand temperature increases, but relative
humidity does also. Since relative humidity hasrserse role, it causes the ET to be low even
though temperature and solar radiation increadatively. Wind has a sensitivity value of
0.585, which is relatively high and shows a sigifit contribution of 25%. All of these factors

may play a role in reducing the effects of tempeetue to their stronger influence on ET.

For the 7.6 cm (3 in) water table, relative hunyidit similar to the 12.7 cm water table, where it
is the prevailing factor with a sensitivity value-0.777. With the water table at 7.6 cm,
temperature has an insignificant sensitivity o#@.@nd only a 2% contribution. A theory is that
the heat lamps in the green house were off butetimperature was maintained steady at 72°F.
Therefore, the insignificant contribution is a fé$tom the lack of variation in the environment
temperature. The temperature during phase 2 wiesmdys73 °F with only a 2 degree variation.
The average temperature during phase 1 was 76t°¢ohld vary 5 degrees. The higher
variation is the reason why the contribution petaga for temperature in phase 1 was higher

than phase 2.



Solar radiation in the 7.6 cm water table has alaireensitivity to the 12.7 cm water table but
shows a positive relationship with a higher conttidin percentage. The positive association
demonstrated is similar to the commonly practiegdrence ET equation such as the Penman-
Monteith. In addition, it has a higher role comphte the 12.7 cm water table, which can be due
to the inactivity of the heat lamps during the daséwhich the 7.6 cm water table was set up.
Since the heat lamps are off, the variation inrs@diation day by day is small (approximately
0.5 MJ*m**d™%), and the only source is from the sun. The suiatiat has a much stronger

effect than heat lamps, the small differences péaggnificant contribution. In the case where
heat lamps were turned on, the instrument thasesl uletects the high degree of radiation which
is shown in the high variation but the heat lampsidt have as much of an impact on plant
processes when compared to the sun radiation.dlaeradiation from the pyranometer
measured a max of 5 MJ?#d and a minimum of 3 MJ/ffd in phase 1 but only 1 MJ/m2/d for
max and 0 for minimum for phase 2. Therefore, tlaimum in phase 1 is due to the lights but
the lighting might not have as much effect as flastsun but the instrument does not know the
difference between artificial and natural solaratidn which has a greater effect. From the
correlation analysis, the percentage of contrilvutar solar radiation is greater in phase 2 than 1,

therefore showing that the artificial lighting daest have as much as effect as natural lighting.

wind shows a 22% contribution but a negative sefitsitvalue of -0.383, which is the opposite
of the 12.7 cm water table set up. An explanatsosince these are during the winter months and
the plants showed maturity past their growing paadk are drying out, they do not need as much
water for biological processes. Therefore, as taetp become more mature, ET values become
smaller, and although wind is added, it is unablketep up with the rate at which ET is slowed

from plant maturity.



The difference in sensitivity and contribution magdes when comparing the 12.7 cm and 7.6
cm water tables is due to climate factors thaigareerning, such as relative humidity, or from
the maturity of the plant performance. In ordedéononstrate better support for this theory, a
contribution analysis is performed using the Pemidanteith Equation in the FAO-56. Figure
17 is an illustration of the role of temperatuedative humidity, solar radiation, and wind speed

from a correlation analysis of the Penman-Montefierence ET equation using measured data.

Penman Monteith ET Correlation Analysis (All Days)

Rel Hum (%)

-0.289
-16%
Wind (m/s)
%206/8 Net Rad, Rn
° (MI*m2*d1)
-0.368
-21%

mTemp (C) mRel Hum (%) = Net Rad, Rn (MJ/m2/d) m Wind (m/s)

Figure 17: Correlation Analysis of PM using Measlbata

The correlation analysis of the Penman-Monteitenexice ET equation shows that temperature
has a negative correlation but also the smallegtdd sensitivity. This can be caused by more
significant parameters, such as relative humiditst reduces ET even when temperature is
increasing as was seen in the previous correlatahysis. Relative humidity has a negative

correlation and a significant contribution valueitar to the correlation analysis of actual



measured ET results. The major difference is thePM equation weighs wind speed much

more than the actual data results of the experiment

Wind speed demonstrates a high sensitivity andritanion percentage (0.97, 54%) for the
Penman-Monteith equation. Reasoning for this istdule agriculture purposes of the PM
equation, there is always a presence of wind op ftetds. Since the experiment uses a tower
fan, wind does not spread as evenly as it woultherfield, which may affect the correlation of
the different water table analysis. Also, sincepdields are outside, the data for the PM
equation may only be measured when plants areeinghowing seasons. From this, wind does
have a positive and significant contribution amsieem the phase 1 with a 12.7 cm water table

which took place when plant growth prospered.

The net radiation (f} is used because this not only accounts for the sadiation but also for

the day of the year. Naturally, plant processeskaweed during the colder seasons because they
are unable to survive the cold, therefore a ladgraf the year will result in less ET. For this
research, since it was in a greenhouse, the ptanegses is slow when they are past their
maturity regardless of the day of the year buteadtthe growth cycle is accounted for. From this
conclusion, in the PM equation, the amount of mesbgolar radiation is not as important as the
day of the year but this concept will prove inapable for this research since the plants have a

different cycle.

An analysis is illustrated (Figure 18) to demortsttais theory, which shows that the measured
solar radiation (B is indeed, has less of an impact when compadnige impacts from the day

of the year.



PM ET Correlation Analysis (Solar Radiation, Rs, considered)

Rel Hum (%)
-0.289
-20%

Sol. Rad., Rs
(MJ*m—Z*d-l)
0.043
3%

mTemp (C) mRel Hum (%) w Solar Radiation, Rs (MJ/m2/d) = Wind (m/s)
Figure 18: Correlation Analysis of PM using Measlhecoming Solar Radiation

Overall, relative humidity shows a significant ingpan ET. Solar radiation is also a major
factor, but it is heavily influenced by day of tyear when analyzing ET with the PM equation.
Temperature does not show a significant impact edeewind speed does have an impact, but is
also affected by the maturity of the plants. By ensthinding the sensitivity and impact of each
climate factors to evapotranspiration from a catieh analysis, ET can be roughly estimated
based solely on climate factor. In order to habetter prediction of ET, a multiple linear
regression model is created to serve as a calonlaibdl for evapotranspiration based on climate

factors.

4.3.2 Multiple Linear Regression Modeling

As previously discussed, a multiple linear reg@ssnodel develops a relationship between two

or more independent variables to a dependent Varghfitting a linear equation to the observed



data. Every independent variable (climate factorsls associated with a dependent variable, vy,
as ET. A regression model assigns a best fittisgfiotent for each variable to make a linear

line. The second part of the regression modelasritercept point, which dictates the outcome of
the data set. Below is a model of the resultsroidiple linear regression model with the

measured data identified.

y=ax;+bx,+cxs+dx,+7Z (4. 2)
y = Daily Reference ET (mm/d)
X1 = Temperature (F)
X2 = Relative Humidity (%)
xs = Solar Radiation (MJ/fd)
X4 = Wind Speed (m/s)
Z = Intercept of Regression Line
a,b,c,d = Coefficients of independent Variables

Figures 19 and 20 illustrate the results of theaggjon modeling for phase 1 and 2. The ET
regression coefficients on the x-axis is the surthefclimate factors multiplied by their

according coefficients developed by the regresaimalysis; that is the first four terms on the

right hand side of equation 4.2. In order to caltaithe daily ET, the intercept is added to the
reference ET regression coefficient. The calcula¢éerence equation is then compared to the
measured ET to illustrate how well the calculat@dfies the measured. Table 6 shows the results
of the regression analysis of the 12.7 cm and i#&e&m water table. Also, the results of the
calibrated version of the 12.7 cm water table &, which will be elaborated in the next

section.



Table 6: Statistical Analysis Results

Regression Statistics

Statistics 12.7cm 7.6cm 12.7 cm Cal
Multiple R 0.945 0.885 0.963
R Square 0.892 0.783 0.928
Adjusted R Square  0.885 0.760 0.921
Standard Error 2.024 1.665 1.852
Observations 68 43 49

Regression Coefficients

Graph 12.7cm 7.6 cm 12.7 cm Cal
Intercept -36.601 10.438 -22.058
Temp (F), a 0.983 0.149 0.820
Rel Hum (%), b -0.349  -0.204 -0.348
Solar (MJ/m~2/d),c -1.093 2.782 -1.673
wind (m/s), d 1.875  -1.373 2.187
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Figure 19: Daily Measured ET and Calculated ET12i7 cm (5 in.) Water Table



Daily Measured ET and Calculated ET for 7.6 cm (3n) Water Table
25
X X
20 < SR, % X
: P
o X
* 15
£
E VV X
=
w
=10 X
©
o
5 X
0 f } } f } } i
0 2 4 6 8 10 12 14
Ref ET Regression Coefficient
= Calculated Wetland ET (7.6cm) X Actual Measured ET (7.6 cm)
- J

Figure 20: Daily Measured ET and Calculated ET/A@rcm (3 in.) Water Table

From Figures 19 and 20, the observed data showd ties a highly fitted linear relationship
based on the Rvalue with the daily measured ET. This meansttindependent variables

(climate factors) have a relatively defined relasibip with ET.

To calculate the expected ET, the coefficienthefweather parameters and intercept are used to
develop a best fit line. As shown in Figures 19 2@dthe line of best fit considers the variation
of measured weather data and the resulting ETeveldp the closest trend. The equation for the

best fit line of the 12.7 cm water table (phasesl)

Calc ET = 0.983(T) — 0.349(RH) — 1.093(Solar) + 1.875(Wind) — 36.601 (4. 3)

Similar to the trend of the correlation analydie 7.6 cm water table (phase 2) shows different

linear relationship demonstrated below.



Calc ET = 0.149(T) — 0.204(RH) + 2.782(Solar) — 1.373(Wind) + 10.44 (4. 4)
Comparing the two different water table sets offitc@ents, the most noticeable difference is the
intercepting point in addition to signs and magiétwf coefficients. Some explanation behind
these differences is the water table may havefantain the rate of ET as previously described.
Also, since the duration of the 7.6 cm water tatwde set up after the 12.7 cm test set up, the
plants began to experience a declining stage wieshited in small quantities of ET per day,

therefore affecting the regression coefficients.

4.3.3 Calibration of Reqgression Model

In order to confirm that regression model can sasva prediction tool, a calibration of the
equation was investigated. For the calibration, 1th& cm water table data was used and a
regression equation is developed for the first@d®ecutive days, with 36 days without wind and
another 13 with wind. This calibrated equatiorhisrt used to input collected climate data and
the calculated ET is then compared to the meadtifeir days 50-68 and days 114-166 as
verification. For the days of 114-166, a crop coeht of 0.42 (selected based on observed
maturity of plants from the Penman-Monteith cropfticient) was applied following the
instructions of Allen et. al (1998) to add a cragfficient as plants mature. During this later
time period, the plants were in their late matyrityerefore, ET is not as high. The statistical

results of the calibration are in the Table 7 fa talibration for days 1-49.

Table 7: Statistic Results for the Calibrated Oi&tays 1-49)

Statistics 5" Calibration
Multiple R 0.963
R Square 0.928
Adjusted R Square 0.921
Standard Error 1.852

Observations 49.000




The selected calibration of days 1-49 was choseause it produced the highest\Rlue of
0.92 and has a variety of days where wind was eg@alind not. The result of the regression
analysis produced the following equation that sela&the best fit line for the measured ET for

days 1 thru 49.

Calc ET = 0.82(T) — 0.35(RH) — 1.67(Solar) + 2.187(Wind) — 22.06 (4. 5)
Equation 4.5 was then applied to the weather datafer verification using days 50-68 and days
114-166 with a crop coefficient of 0.42, all of whihad a 12.7 cm water table. Comparing
equation 4.5 with equation 4.2 for the 12.7 cm wtble, they are only have a slight variation

in coefficients. Figure 21 illustrates a comparigatween calculated and measured ET.

Calibrated 12.7 cm (Sin) Calc ET vs. Meas ET (Days 50-68)(Days 114 - 166)

40
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ET Calculated (mm/d)

¢ Days 50-68 B Days 114-166 (crop coeff included) = ——1:1 Line

Figure 21: Calibrated 12.7 cm (5 in.) Calc ET vedd ET (Days 50-68) (Days 114-166)



Verification of equation 4.5 for weather data frdays 50-68 shows that it fits very well with
the 1:1 line when compared to the actual measufed\Ehough it overpredicts ET by
approximately 5, the maximum error is approximatymm/d. The higher calculated results
can be due to the plants reaching its matured stageloes not utilize as much water, therefore
further investigation is needed to adjust the @ogfficient value. Although the developed
equation through regression analysis fits well \tlith data for verification, it should serve as a
reference equation to be further developed thrangfre data collection. There should be a
higher variation and combination of changes of Wweaparameters so that a more accurate

equation can be developed that accounts for thegesa

One of the necessary considerations for refereficegtation 4.5 is the growth cycle of the
plants. The plants were observed to be the hesittiging September through November and
showed signs of maturity starting in December. Biastarted on Februar{®2nd was the

initial date for the second set of data for vedfion of equation 4.5. The second data set lasted
until day 166, or March 262012. During this time, the health of the plantgm#icantly

declined, as a result, ET will be greatly reduddtkerefore, a Kvalue of 0.42 is multiplied to
equation 4.5. As shown in Figure 21, days 114-1t8GHe trend of the 1:1 line between
calculated and measured data. It can be seerhitatis an approximate division between higher
and lower results but are closely clustered togefftge crop coefficient, K adjustment is only
one consideration to making a more accurate cédibnamodel. Other considerations can include
height of the water table, time of the year, arftedgnt plant species similar to the FAO-56

Penman-Monteith adjustment.



4.4 Comparing Reference Evapotranspiration and Meaged Evapotranspiration

In order to further investigate the pattern of BTcomparison amongst the Penman, Penman-
Monteith and Hargreaves equation was performeeedise relationship between weather
climates and seasonal changes of the referencest@blished. Calculating the reference ET of
the PM and Hargreaves equations, the results ateglwith the actual ET that was measured
daily. Evaporation was also examined to see ifeheany similarity with the Penman
evaporation equation. Figure 21 below shows the PMlon days with wind only, Hargreaves,

and Penman evaporation comparison.

Comparing ET Equations vs. Measured ET
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Figure 22: Comparing Practiced ET Equations witreMeed Data

In the PM comparison, the calculated referenceliolvs a scattered pattern with that of the
actual ET. When the reference ET is around 1 mth&measured ET varies from a range of 7
and 28 mm/d, with almost a vertical slope. At tengs where the reference ET is between 3 and

6 mm/d, there is some linearity between the caledland measured values.



One of the main reasons discovered for this seattpattern is that the PM has a high emphasis
on wind in the equation. Days where wind was ngliad, the PM equation resulted in very low
values comparing to the measured ET. On days vthere is wind, the reference ET and

measured ET shows a relationship that is linear.

For the Hargreaves equation, there is a consistgdtive slope between the reference and
measured ET. This relationship is the result ofHhegreaves equation being dependent on the
extraterrestrial solar radiation coefficient, Rhe Hargreaves equation also contains only
temperature as the other variable. SingesRlependent on the time of the year, as the seaso
progresses and the experiment goes in to the wseteson, the Hargreaves reference ET will
begin to decline. This decline does not show ugrastic in the measured ET due to the
greenhouse environment that the experimental sefpllpaced. Also, the Hargreaves equation
other variable is temperature, but this was notalyeerved in the experiment. In the daily
measured ET results, relative humidity has a gamgrrole in the daily rate. Therefore, a low or
high temperature will drastically change the Haages ET. The Hargreaves ET does not
correlate changes in daily rates from due to nadatiumidity and thus misses part of what was

observed.

The daily evaporation rate shows a slope of alrmesi when compared with the Penman
evaporation equation. This is caused by many facoch as the size of the bucket that was used
as an open water surface container. The ratessicdmtainer might not correlate to that of a
body of water. Since the pan evaporation was k&timuch smaller, effects of weather climate

might not have that much of an effect.



Calibrating Penman-Monteith reference ET

The PM equation was developed for agriculture sb fdrmers can estimate how to water their
crops; it is different in stormwater managementfcas where the purpose is to estimate the
maximum water extraction from ET to lower runofimme. Based on the relationships between
ET and weather parameters observed, a calibratiorctease the coefficients of the PM

equation was performed in order to fit the caledatesults with those measured.

In the first set of variables of the PM (0.4@8{R -G)), equation 2.4, the net solar radiation is
included and so is the slope vapor pressure. Tih#lteq G value is neglected since temperature
has an insignificant effect, therefore zero. Basethe correlation analysis, it was observed that
solar radiation and temperature showed an impattedaily ET rate. The importance of these
variables were emphasized for the PM calibratiothabthey have a higher impact, as a result,

the coefficient 0.408 was increased to 13, basedl toial and error approach.

In Figure 22, there is a wide separation for the B&ween the daily ET on days with wind
applied and on those that it is not. The presehegrm shows an increase of magnitude in the
calculated results for daily ET in comparison te thte at which ET is under 1 mm/d on days
without wind. By increasing wind, it allows for tisaturated air to be replaced by drier air which
creates a steeper gradient for ET to occur. Thexetbe original form of the PM equation

underestimates the observe wind factor of the eksedata.

To make adjustments to the coefficients so thathiias more of an impact, the coefficient of
900 within the PM equation 2.4 was increased tdb2B8%rder to enhance the effect of wind on
the ET rate. This adjustment also allows for terapee within the termgethe saturation vapor

pressure, to have a greater influence and alsefative humidity within the termyethe actual



vapor pressure, to have the same but inverse efiisetrved. Below is the PM equation with the

adjusted coefficients.

2355
_ 1BAR, = G) + ¥ g7z ta(es — €a)

ET, =
? A+ y(1+ 0.34u,)

(4. 6)

Not only were the coefficients adjusted for the sugad data, as the experiment entered a phase
in which the plants were maturing, the crop coedffit, K;, was applied to see if the calibrated

PM equation still showed a similarity to the actdata. The crop coefficient was chosen to be
0.42 based on the maturity of the plants and thedficient was multiplied to the calibrated PM
equation 4.6 on February 2, 2012. This was theidatdich phase 3 where the water table was
set back to 12.7 cm and the plants had maturedtbgenonths in which the 7.6 cm was used.

Figure 23 shows the comparison between the cadithi@dM equation and the measured ET.

Calibrated PM Comparison for 12.7 cm (5 in) Water Table
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Figure 23: Calibrated PM Comparison for 12.7 cnm(pWater Table



The calibrated PM equation was plotted for onlystarere wind was applied because this
represents the natural environment where windasept. As illustrated, days without wind
shows scattered data points. On days with windgétierated PM equation is observed to be

based around the trend of the 1:1 line.

Results from Februan/‘?through February 2'are during the time period where the plants are
past their matured stage so they do not have tligyab transpire as much water. During this
time period, a crop coefficient of 0.42 was mulaglto the new calibrated PM calculations. This
calculation is similar to the crop reference ETcaédtion shown in the FAO-56 paper written by
Allen et. al 1998. The results of the calibrated PMuding a crop coefficient of 0.42 show a
very good relationship when compared with the mestsdata. The biggest difference between
calculated and measured data was around 5 mmhibugh the comparison between the
calculated reference and measured ET results aotspr the coefficient of 0.42 used was only
for the particular type of plants and stage of matuln order to develop a more accurate
calibration of the PM equations, the crop coeffitishould be adjusted depending on

combination of plants, stage of maturity, and ttedentable.



5. Application of Study

The findings of the research project to quantifyiB® CSW mesocosm can serve as a useful
tool for the stormwater management practice tocéffely balance the water budget discussed in
Chapter 1. During the height of the growing seafomplants demonstrated that it can transpire

over 20 mm of water per day and evaporate apprdrisnto 3 mm per day.

When considering the most frequent design stornigiwils the 2-yr storm, producing
precipitation of about 50.8 mm (2 in.) per eveineg a well-developed CSW, ET alone can
reduce almost half of the runoff in one day. Theaming volume can be infiltrated in to the

ground, or slowly discharged resulting in less flimolume over time.

By reducing the amount of runoff through taking adtage of ET, design costs of a CSW can be
greatly cut. Since a CSW requires a large areandle its design capacity, there can be more
emphasis on the design to promote plant growthrderato maximize the effectiveness of ET. In
addition, improving the plant type and increasiegsity will cost much less than expanding a

CSW to handle more volume.

Additionally, the focus to develop the CSW throygént selection and increasing density can
greatly help with pollutant removal. For wastewdteatment wetlands, the particular species
selected are less important than establishing sedstand of vegetation. Meanwhile, CSW plants
should be chosen to mimic the communities of enmrgkants of nearby natural wetlands. Both
in wastewater and stormwater wetlands, native | lgpacies should be used because they are

adapted to the local climate, soils, and surroumgiant and animal communities (EPA 2011).



6. Conclusion

The evolution of stormwater management is growavgatrds the use of low impact
developments in order save the cost of redesigrongpbined sewers and detention basins to
mitigate stormwater runoff. Therefore, it is im@ort to consider the role of evapotranspiration
since much of the design focus of LIDs is basegegetation and soil type. Since itis a
complex process that varies dependent on climaterg plant growth, and water availability, it
is difficult to accurately estimate how much runediume it can reduce. For this reason, the
results of this research are aimed to give thetjgeof stormwater management a better
understanding how much quantity ET is which waseoled to as high as 30 mm/d during the
peak of the plant growth cycle or an average onbd when plants are matured. In addition,
this research provides a better understandingobdifa that drives ET and formulates a reference

equation to provide estimation.

6.1 Factors that affect ET

Temperature

Observing each climate factor, temperature dichaet a noticeable impact throughout the
research. The greenhouse where the experimenptaok& maintained a relatively constant
temperature throughout the year between (294 -K3&070 to 80 °F). In the Penman-Monteith
equation for reference ET temperature is calculaddthve a positive impact on ET. The
Penman-Monteith equation yields a relationship wleehigher temperature will result in a faster
ET rate. Since temperature is maintained in thergreuse environment, there is no conclusive

evidence that this is the case.



Relative Humidity

The main driving factor observed in this experimarthe ET rate is relative humidity.
As illustrated in the results, relative humidityshen inverse relationship with ET, meaning, the
higher relative humidity there is, the less ther&iE will be. The relative humidity is an
indication of the amount of moisture that is in #ie Transpiration can be referred to as “plant
sweat” where if there is less moisture, meaningarelative humidity, then drying power is
greater allowing for more ET to take place. Ondtteer hand, where there is high moisture
content in the air, the drying power is less sitheze is already excessive moisture around the

environment; therefore a lower ET rate is neededhddance.

Solar Radiation

Solar radiation is observed to be a positive facfdT. Meaning, the higher the daily
solar radiation is, the more ET will take placeisTielationship is due to the plants having a
faster biological process if there is more enengpilable. In addition, a higher solar radiation
will allow for more water vapor to be processe@yréfore increasing evaporation. Throughout
this research, there are instances where solati@dihas in inverse relationship; this is caused

by other factors that have a more significant injpsiech as relative humidity.

Wind Speed

The relationship between ET and wind shows thatiiiave a positive relationship where other
parameters are similar. In some instances, wind/staonegative relationship, but that is due to
other climate factors governing, such as relativaidlity. The function of wind in ET is that it
allows for removal of the saturated air and redtevith drier air. This process allows for a

higher gradient of water pressure which incredsesdte of ET.



Water Table

In this research, the water table was adjusteddetvt2.7 cm and 7.6 cm to investigate if this
change could have an effect on ET. Although th& t&h water table had a greater rate of
approximately 5 mm/d, further investigation is ne@dor conclusion. Part of the reason being
that the 7.6 cm water table (phase 2) started oeBéwer when plants showed signs of dryness,
which is an indication maturity. Therefore, themlhealth could be the reason why there was an

average difference.

Plant Health

As described by Richard Allen (1998), the rate ®ftBrough the growth cycle of plants can
greatly differentiate. To accommodate for the grostages, a crop coefficient factog)(ks
applied. The coefficient varies between plant tymath those who prosper in wet conditions,
have a value higher than 1, and vice versa. Thefficeent can also be over 1 during the growth
stages where water essential, but will reducedtesof ET when plants are in their decline
stages. Therefore, to provide a more accurate astimof ET, the kvalue should be set to a
combination of plant types and growth stages feheariation; this is an extensive study

project that can sustain itself.

6.2 Further Research

The ability to measure the climate factors acclyaseimportant in developing a collective
relationship to the quantified evapotranspiratiesults. Using this data, a multiple linear
relationship was developed in order to create diptige ET equation. This equation was
calibrated based on a set of measured data and¢hniéied and compared with measured ET

results to illustrate accurately. The comparisoowadd that the calculated results matched well



with the measured, even when a crop coefficie 42 was applied to accommodate the plant
cycle. Although the calculated results were webresentative of the measured, the research
took place in a greenhouse and only considerdumited environment. Further research is
needed to accommodate all of the variation in dénparameters similar to a natural wetland
environment. Overall, this research provides thamunity of stormwater management an idea
of the quantity of evapotranspiration in a condedcstormwater wetland so that it will be a

substantial consideration in design requirements.
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Appendix A — Specifications of Measurement Instrumets




Appendix B — Overall lllustration of Evapotranspiration Study




Appendix C — Daily Data Tables for Measured Weatheand
Evapotranspiration




Appendix D — Data Table of Calculated Regression @Qaparison
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