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Low impact development practices such as bioretention are being used more frequently in
stormwater management. The commonly considered aspects of bioretention are its ability for
filtration and infiltration, but evapotranspiration is not frequently considered despite its potential
to be a significant component of the water balance. A lysimeter study was conducted in Guelph,
Ontario to estimate the ET rate from bioretention facilities. The lysimeter was designed to mimic
standard bioretention design parameters. The average annual ET rate was 1.30 mm/d, with monthly
averages ranging from -0.009-2.90 mm/d. The lysimeter-derived ET was then compared to ET
predicted by the Hamon, Hargreaves-Samani, Jensen-Haise, Penman-Monteith, Priestley-Taylor,
and Thorthwaite equations to determine their applicability to use in urban bioretention systems.
The Jensen-Haise equation was found to perform the best once a coefficient of 0.5 was applied to
consider the protected environment of the lysimeter.
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1 Introduction
1.1 Research Context
1.1.1 Evapotranspiration Research
As urban development continues to negatively impact surrounding water bodies through erosion
and impaired water quality, many best practices are being implemented to mitigate these impacts.
Low impact development or green infrastructure practices are being more widely installed to
manage urban stormwater runoff in ways that mimic the natural hydrologic cycle. These practices
include bioretention, permeable paving, green roofs, and rainwater harvesting, among others.
Bioretention is commonly used, as it can manage surface runoff, promotes infiltration and
evapotranspiration (ET), provides water treatment, and is aesthetically pleasing.
Design of bioretention systems typically considers infiltration into native soils as the only
mechanism by which water leaves the bioretention cell, unless an underdrain is installed. While
this may be the case during a short time period, for example during a 6-hour rain event, ET can be
a significant component during inter-event periods (Wadzuk et al. 2015). Although most ET
research has been conducted in agricultural settings, previous research into bioretention ET has
found that ET can be up to 30% of the cell’s water budget (Hess et al. 2017) with daily ET rates
ranging from 1 to 12 mm/d depending on the climate and design factors (Virahsawmy 2016).
Bioretention ET research has been conducted in several countries, including Canada, Australia,
New Zealand, the United States, and Norway. The climates across these countries can vary
dramatically, while design standards are also different across the various jurisdictions. It is
therefore important for local ET studies to be conducted so that the particular climate and design
can be taken into account. To date, the results of only one study have been published for southern
Ontario by Denich and Bradford (2010). Although the climate of Michigan is similar to southern
Ontario, the studies from Michigan have only been conducted between May and August (Johnston
2011; Nocco et al. 2016), indicating a lack of knowledge of ET from bioretention facilities in the
southern Ontario climate throughout the entire year.
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1.1.2 Modelling Evapotranspiration
Modelling bioretention systems has been progressing for many years, but there is still a research
need to improve these models (Liu et al. 2014). Since ET research has been largely based in
agriculture, the equations that have been developed to estimate ET based on weather variables
have specifically been designed for agricultural settings (Hao et al. 2016). Some equations may
only function adequately in specific climates or time periods, or may require assumptions that are
not valid in urban settings, potentially rendering them inappropriate for use in urban stormwater
modeling in bioretention cells (Hao et al. 2016; Wadzuk et al. 2015).
Few studies have investigated ET prediction equations for bioretention systems. Seven studies
were reviewed, and these typically found that the studied equations under- or over-estimated
bioretention ET unless coefficients were applied to the predicted ET, such as a crop coefficient or
soil moisture extraction function (Hess et al. 2017, 2019; Hickman et al. 2010; Johnston 2011;
Nocco et al. 2016; Virahsawmy 2016; Wadzuk et al. 2015). Hargreaves and the ASCE PenmanMonteith equations were found to be applicable to bioretention systems in southern Pennsylvania
using both crop coefficients and soil moisture extraction function (Hess et al. 2019). However, no
study is known to have been conducted in southern Ontario to investigate the effectiveness of ET
equations, and not all equations that are recommended for use in Ontario have been studied
anywhere in the world.

1.2 Problem Statement and Objectives
This research will investigate the role of evapotranspiration in the water balance of a bioretention
facility located in Guelph, Ontario. The objectives are:
•

To quantify the evapotranspiration rate from a bioretention cell through all four seasons.

•

To improve understanding of water processes occurring in bioretention systems.

•

To calculate the predicted evapotranspiration rate using six theoretical ET equations and
determine their effectiveness at estimating ET from bioretention facilities.

2

1.3 Thesis Structure
This thesis is arranged in five chapters. Chapter 1 introduces the topic and research problem.
Chapter 2 consists of a literature review that investigates previous research into ET and
bioretention systems. Chapter 3 is a research paper that quantifies bioretention evapotranspiration
from a weighing lysimeter in Guelph, Ontario. Chapter 4 compares the measured ET from the
lysimeter to that predicted by six ET estimation equations. Chapter 5 provides conclusions from
the research and identifies future research opportunities.
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2 Literature Review
2.1 Urban Stormwater
It is expected that the population will be 85.9% and 64.1% urban by 2050 in the developed and
developing world, respectively (Liu et al. 2014). Urbanization brings many negative
environmental impacts, some of which can be felt even if only 0.5% of the catchment area is made
impervious (Fletcher et al. 2013). Effects of urbanization include: decreased infiltration; increased
runoff; poorer water quality; changes in stream and riparian biota (Davis et al. 2011; Fletcher et
al. 2013; Liu et al. 2014); decreased evapotranspiration (Davis et al. 2011); greater downstream
stream erosion (Davis et al. 2011; Liu et al. 2014); flashier stream flows (Davis et al. 2011; Fletcher
et al. 2013); and lower baseflow (Liu et al. 2014).These effects are magnified when the impervious
areas are directly connected to a water body, and minimized if they are connected to pervious areas
prior to reaching the water body (Fletcher et al. 2013).
In attempts to manage flooding and other effects from urbanization, various stormwater
management (SWM) practices have been developed, typically focused on conveyance, detention,
and retention (Echols 2008). Conveyance practices quickly remove stormwater from cities, but
cause downstream damage from the frequent, polluted high flows (Echols 2008). Detention
facilities successfully hold and release runoff, maintaining peak flows at pre-development levels
with the intention of reducing downstream flooding; however they do little to manage smaller
storm events, reduce the frequency of high flows, or improve the water quality (Echols 2008).
Retention facilities reduce runoff frequency and improve water quality by holding and absorbing
runoff on-site; they are less effective at reducing downstream flooding as the volume treated is
typically too small (Echols 2008). As none of the approaches listed above can address all of the
impacts of urbanization, integrated approaches are becoming more widely used (Fletcher et al.
2013) as they support a shift towards mimicking predevelopment hydrology (Davis et al. 2011).
2.1.1 Low Impact Development
Low impact development (LID), also referred to as green infrastructure or source-control
stormwater management (Bhaskar et al. 2016), is an approach that works to mimic predevelopment
hydrologic conditions (Liu et al. 2014). LID doesn’t only refer to physical stormwater facilities,
4

but also the planning and construction approach. It includes reducing impervious cover, reducing
soil compaction, and improving public education (Bhaskar et al. 2016). LID facilities are smallscale controls that typically enhance retention, infiltration and/or ET to reduce runoff and improve
water quality (Liu et al. 2014). These can include: “bioretention basins, rain gardens, porous
pavement, grassy swales, dry wells, . . . rain barrels, . . . green roofs, and treatment (e.g. filters,
separators)” (Bhaskar et al. 2016 p. 3157).
Bioretention facilities are a vegetated LID practice that can promote treatment, infiltration, and
evapotranspiration of stormwater runoff. The important components of bioretention include a filter
bed filled with a soil media, vegetation, and mulch; and an inlet and overflow outlet (Liu et al.
2014). Depending on the infiltration rate of the underlying native soil, the bioretention area may
also include an underdrain with or without an internal water storage zone (Davis et al. 2011). There
are many benefits to bioretention, including: higher groundwater recharge, baseflow enhancement,
habitat improvement, higher water quality, lower water temperature, increased lag time (Liu et al.
2014), reduced urban heat island effect, and reduced runoff (Fletcher et al. 2013). Limitations of
bioretention include: poor mitigation of peak flows; difficulty to implement in dense urban areas;
and complex maintenance agreements if installed on private property (Fletcher et al. 2013).
Sediment clogging is also a significant concern, as it reduces the infiltration rate and storage
capacity of the bioretention area (Liu et al. 2014).

2.2 Evapotranspiration
Evapotranspiration (ET) is a term that encompasses transpiration and evaporation, including
evaporation of soil water, surface water, and water intercepted by vegetation, as well as ice and
snow sublimation (Verstraeten et al. 2008; Wilson et al. 2001). ET is generally simplified to only
include transpiration and the evaporation of water stored in the soil and intercepted by plants
(Verstraeten et al. 2008). Both evaporation and transpiration involve the conversion of liquid water
to water vapour and its removal from the evaporating surface (Allen et al. 1998). Transpiration
occurs when water is lost from plant leaves through the leaf stomata as part of the plant’s normal
processes (McMahon et al. 2013), while evaporation occurs from other surfaces and soil voids.
A supply of energy is required for ET to occur, so it is primarily controlled by solar radiation
(Jensen and Allen 2016) and ambient air temperature (Allen et al. 1998). However, it also depends
5

on other meteorological factors such as wind speed, vapour pressure, and surface wetness
(McMahon et al. 2013); plant-specific characteristics such as rooting depth, leaf area index,
stomatal conductance, and leaf folding (Verstraeten et al. 2008); and soil characteristics, including
soil water content and the soil water-holding capacity (Jensen and Allen 2016).
Leaf area index (LAI) is the ratio of the total area of the plant leaves to the ground area (Verstraeten
et al. 2008). When plants are young, the rate of ET increases as LAI increases, until the LAI reaches
approximately 3.0, at which point the ET rate plateaus until the plants senesce and the ET rate
decreases (Jensen and Allen 2016). Although this LAI value was calculated for agricultural crops,
the same plateau trend occurs for natural vegetation once 70-80% groundcover is achieved (Jensen
and Allen 2016). If plants are small and soil is exposed, ET is dominated by evaporation; once
plants are fully developed and the soil is completely shaded, the main process becomes
transpiration (Allen et al. 1998).
Most ET research has been conducted for turfgrass and agricultural crops, with significantly fewer
studies investigating other landscape plants (Jensen and Allen 2016). ET in landscaping is more
difficult to study since landscaped areas are typically small with variable shading from buildings
and trees (Jensen and Allen 2016). Mulches are also often used in landscaping, which alters ET
patterns. The use of mulches promotes soil water storage and reduces the soil evaporation
component of ET, as they protect the soil from wind and solar radiation (Burt et al. 2005).

2.3 ET and Stormwater
Infiltration, ET, and runoff are the three primary destinations for precipitation, with the proportions
of each depending on the surrounding environment. However, conventional stormwater
management tends to ignore infiltration and ET and focuses solely on runoff management (Echols
2008). There is a widely held perception that ET cannot make a significant contribution in
stormwater management (Echols 2008) despite the fact that 60-95% of precipitation can be
evapotranspired in forested areas (Fletcher et al. 2013). In urbanized areas, large impermeable
areas reduce ET and increase runoff. Implementing LID practices provides an opportunity to
increase ET and infiltration, shifting the urban water balance to become more similar to the
undeveloped water balance. Some urban ET research has been conducted by climatologists
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investigating the urban energy budget, but urban hydrology is just starting to be investigated more
thoroughly (Fletcher et al. 2013).
2.3.1 Water Patterns in Bioretention
The movement of water through a bioretention cell depends on a variety of factors, many of which
can be controlled through design. For example, bioretention soil media frequently have a high sand
content to allow for higher infiltration rates (Hess et al. 2015). However, slower water flow through
the system may allow for higher ET rates (Hess et al. 2017). Jensen and Allen (2016) show that
the ET flux is greatest for silty clay loam, followed by silt, silt loam, and then sand. Although ET
will occur at all soil moistures until the wilting point is reached, water only leaves the cell through
exfiltration into the underlying native soil when the soil moisture is above the field capacity
(Graham et al. 2004).The soil texture therefore has an impact on the relative importance of the
components of the water balance.
Many bioretention cells are designed to have a gravel layer at the bottom, which frequently
surrounds an underdrain. This sudden change from the finer textured sand to the coarse gravel
creates a capillary break (Hess 2017). Water will therefore accumulate in the soil layer above the
gravel until the force of gravity is greater than the soil suction force, at which point water will flow
into the gravel layer (Hess 2017). This reduces the storage capacity of the facility, violating the
assumption that the bioretention cell is essentially empty at the beginning of a rain event (Beyerlein
2010). This assumption is not always accurate, as the processes of exfiltration and ET do not occur
rapidly during the inter-storm period (Beyerlein 2010). Over sufficient time, however, they do
clear the bioretention facility of water and restore the storage capacity (Wadzuk et al. 2015).
Vegetation can play a significant role in the partitioning of water through a bioretention cell.
Vegetation is well known to play a significant role in evapotranspiration, but few studies have
investigated how it impacts water movement in bioretention cells (Johnston 2011). Additionally,
crop coefficients are used to modify reference ET when estimating ET through empirical
calculations (see Section 2.4.3.1), but the properties of non-agricultural plants have scarcely been
researched (Jennings et al. 2015). For example, cattails and bulrushes, and a generic short
vegetation category have been included by Allen et al. (1998) and Jensen and Allen (2016), but no
other non-agricultural plants are included. The coefficients for these plants may not be applicable
7

to the vegetation included in a bioretention area (Jennings et al. 2015), so most researchers use a
crop coefficient from Allen et al. (1998) or Jensen and Allen (2016) for an agricultural species that
most closely resembles the bioretention plant (Hao et al. 2016).
Different plant species will have different impacts on ET, due to differences in their stomata, leaf
area, height, and root density (Johnston 2011). If the bioretention area is surrounded by short
vegetation, such as a mowed lawn, ET rates from the taller bioretention plants will be higher as
they are more exposed to the effects of wind and sun than if they were surrounded by similar
vegetation (Allen et al. 1998). One study investigated ET rates from various vegetation in
bioretention cells, and found that ET was greatest from shrubs, followed by prairie species,
turfgrass, and bare soil (Johnston 2011). Another study found that prairie plants had a higher ET
rate than shrubs (Nocco et al. 2016).
Bioretention facilities may have a consistently higher water content than would have occurred
naturally, due to the inflow of stormwater from the surrounding impervious area (Johnston 2011).
Climatic, soil and vegetation conditions may therefore underestimate ET from bioretention areas
due to this increase in water availability (Johnston 2011).

2.4 Quantifying ET
Quantifying ET is a challenge, as it can rarely be measured directly. Frequently, it is estimated
from other parameters which are easier to measure. Common methods include lysimeters, soil
moisture, eddy covariance, Bowen ratio, proprietary gauges (e.g. ETgage), and open pan
evaporators, as well as a variety of methods based on meteorological data. Lysimeters, the soil
moisture method, and several theoretical or empirical formulas will be discussed below.
2.4.1 Lysimeters
Weighing lysimeters use a mass balance approach to approximate ET, and are considered one of
the best methods for measuring ET (Jensen and Allen 2016). Lysimeters consist of a tank filled
with soil in which vegetation can grow; when the weight loss of the tank is measured over time,
the change in weight can be directly converted to the volume of water removed by ET (Allen et al.
1998). The walls of the lysimeter prevent other water gains and losses, with the exception of
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measurable drainage to an effluent tank, so the weight change attributed to ET can be determined
from Equation 2.1.
Equation 2.1:

ET = P – D – ΔS

where P is precipitation, D is drainage, and ΔS is the change in storage. Precipitation can be
measured by a rain gauge, drainage can be measured by a tipping-bucket device, load cell, or
pressure transducer in a tank, and the change in storage is measured from the change in weight of
the lysimeter.
In order for lysimeter measurements to be accurate, care must be taken to ensure that conditions
inside the lysimeter are comparable to those outside the lysimeter and must be representative of
the environment being studied (Howell 2005; Jensen and Allen 2016). Frequently, lysimeters are
packed with soil to attempt to recreate an existing soil profile, although it may take several years
for this repacked profile to match the characteristics of the natural one (Howell 2005). Both coarseand fine-textured soils have been effectively repacked if minimal soil stratification is required
(Howell 2005). It is also recommended that the lysimeter depth be greater than the rooting depth
of the vegetation being planted (Howell 2005).
Lysimetry has many advantages, including:
•

in situ measurements of ET can be taken in realistic situations (Verstraeten et al. 2008);

•

equipment can be fully automated (Jensen and Allen 2016) and can be very precise (Howell
2005);

•

impacts of various factors can be studied individually through replicate lysimeters (Liu et
al. 2014);

•

ET can be measured directly by the change in weight (Jensen and Allen 2016); and

•

measurements can be taken on a short timescale (Jensen and Allen 2016).

Disadvantages include:
•

the difficulty of reproducing a natural soil profile in a lysimeter and minimizing differences
between the lysimeter and the surrounding vegetation (Jensen and Allen 2016),
9

•

if the lysimeter is less than 1.5 – 2 m deep and drains freely to a collection tank, the natural
soil-water pressure potentials are not replicated due to substitution of the lysimeter base
for continued soil depth, which may cause errors due to unnatural drainage. Applying
vacuum pressure can alleviate this problem, but is an added expense and complication
(Howell 2005), and

•

wind speeds above 3 m/s (~11 km/h) reduce the precision of the lysimeter as it can add an
additional load (Howell 2005).

2.4.2 Soil Moisture Method
There are many methods for measuring soil moisture, including water content reflectometry
(WCR), which is a similar, but cheaper, approach to time-domain reflectometry (TDR) (Cooper
2016). TDR probes involve two parallel metal rods inserted in the soil that transmit and measure
radio waves; changes in the waves are used to estimate the volumetric water content (VWC) (Topp
and Ferre 2005). TDR probes have the advantage of being non-destructive, and can be buried and
left to measure VWC over long periods of time (Topp and Ferre 2005). However, TDR probes
typically can only measure VWC within 1 cm of the probe, and are therefore highly sensitive to
air gaps present around the rod (Jensen and Allen 2016).
Once VWC is measured, it can then be applied to a volumetric water budget approach, as can be
seen in Equation 2.2.
Equation 2.2:

ET = P – ΔS – DP ± LF + εET

where P is precipitation or other sources of water such as irrigation, ΔS is the depth-weighted
change in soil moisture content, DP is percolation beyond the depth of the soil moisture probes,
LF is net lateral flow, and εET is the error associated with ET, based on the errors associated with
measuring the other parameters (Evett et al. 2012; Flerchinger and Seyfried 2014).
Converting the VWC to depth equivalent is achieved by multiplying the probe length by the VWC
for vertically installed probes (Young et al. 1997), or by a vertical depth for which a horizontally
installed probe is assumed to be representative (Wilson et al. 2001). It is typically difficult to
measure DP and LF, so these terms are sometimes combined with ET to calculate ED (evaporation
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and drainage) (Plauborg 1995). Some authors assume that LF will be negligible, thereby reducing
the equation by one term (Schelde et al. 2011; Wilson et al. 2001; Young et al. 1997).
The DP term was eliminated by Flerchinger and Seyfried (2014) by assuming that DP would not
extend past their measurement profile (120 or 180 cm deep) for the majority of precipitation events
once the spring melt has passed. Most authors don’t calculate ET on days when precipitation
occurs, but begin the following day (eg. Evett et al. 2012; Fassman and Stokes 2011; Flerchinger
and Seyfried 2014; Plauborg 1995; Schelde et al. 2011). Wilson et al. (2001) waited until two days
after a heavy rain event to calculate ET to allow for DP to cease. This meant that ET could only be
calculated for 43% of the days when data was collected (Wilson et al. 2001) which prevents the
estimation of monthly or annual ET. Since ET is greatest within the first two days after a rain event,
at which point it declines (Fassman and Stokes 2011), it is not possible to estimate ET on the
missing days by assuming the average ET applies. Allen et al. (1998) recommend only estimating
ET by the soil moisture method over 7- to 10-day periods, when the error associated with DP and
LF is minimized. This was demonstrated by a bioretention ET study, which found that the standard
error was greater than the ET values when daily ET was calculated, but was about one fifth the ET
rate over a six-day period (Hess 2017).
One limitation of the soil moisture method for estimating ET is that it does not account for
evaporation of ponded water or intercepted precipitation (Flerchinger and Seyfried 2014; Schelde
et al. 2011). As discussed above, the difficulty of accounting for DP and LF is also a limitation of
this method, although restricting its application to dry periods during the growing season does
improve its effectiveness (Evett et al. 2012).
One advantage of this method is that it indicates the extent to which each depth contributes to total
ET (Wilson et al. 2001). For example, Young et al. (1997) report on a previous study by Garrot
and Mancino (1994) who found that 55% of the water use was from 0 – 305 mm depth; 27% was
from 305 – 610 mm depth; and 18% was deeper than 610 mm. Additionally, this method is
relatively low cost and enables easy measurement of multiple sites simultaneously (Jensen and
Allen 2016).
In addition to the challenge of dealing with DP, there are additional disadvantages of this method,
as outlined by Jensen and Allen (2016). Firstly, it is difficult to install probes at depth without
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disturbing the soil profile. Next, uneven distribution of plant roots may result in varying soil
moisture levels. Since tensiometers only measure the moisture within 1 cm of the probe, these
variations may be over- or under-represented in the results. Lastly, the varying nature of soil waterholding characteristics and bulk density throughout the soil profile may not be represented by the
probe calibration curve.
2.4.3 Calculating ET from Meteorological Data
Many equations have been developed to calculate ET from meteorological data, with varying
complexity and number of input variables. Some of these equations are being used to simulate
stormwater management systems, and demonstrate the effectiveness of particular designs to
mitigate the hydrological effects of new development (MOECC 2017). The draft MOECC LID
Guidance Manual for Ontario provides a list of models that are used in Ontario in the context of
stormwater modelling (MOECC 2017). Table 2.1 lists the water balance models, hydrologic
models, and integrated models as given by MOECC (2017), as well as the specific method each
model uses to calculate ET. Additionally, the Ontario Ministry of Environment, Conservation and
Parks recommends using the Thornthwaite water balance (MOE 2003).
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Table 2.1: Models applied in Ontario for stormwater management planning
Model

ET Calculation Method

Source

Water Balance Models
Thornthwaite Monthly Thornthwaite
Water Balance

(McCabe and Markstrom
2007)

LIDRA (Low Impact
Development Rapid
Assessment)

Thornthwaite

(Aguayo et al. 2013)

Water Balance Model
(powered by
QUALHYMO)

Regional monthly evaporation

(Partnership for Water
Sustainability in BC n.d.)

Minimal Impact
Design Standards
(MIDS) Calculator

Smaller of PET and pan
evaporation measurements; PET
calculated using media depth,
surface area, field capacity, and
wilting point

(Minnesota Stormwater
Manual Contributors 2016)

U.S. EPA National
Penman-Monteith
Stormwater Calculator

(Rossman 2013)

Hydrologic Models
SWMM

Hargreaves

(Rossman 2015)

PCSWMM

Hargreaves

XPSWMM

Pan evaporation; default is 3
mm/day

(XP Solutions n.d.)

SWMHYMO

ET not currently modeled, but
under development

(JF Sabourin, personal
communication, July 6, 2018)

HEC-HMS

Pan evaporation; FAO PenmanMonteith; Priestley-Taylor; or user
specified

(Scharffenberg 2016)

SWAT

Hargreaves; Penman-Monteith;
Priestley-Taylor; or user specified

(Sadeghi et al. 2012)

HSPF

Pan evaporation

(Bicknell et al. 1997)

GAWSER

Fixed seasonal rate

(Ghate and Whiteley 1982)

Visual OTTHYMO

Hargreaves; pan evaporation;
Penman-Monteith; or PriestleyTaylor

(Civica Infrastructure 2017)
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Table 2.1: Models applied in Ontario for stormwater management planning, cont.
Model

ET Calculation Method

Source

Hydrologic Models cont.
QUALHYMO

no information available

NA

PRMS

Hamon;
Hargreaves-Samani; (Markstrom et al. 2015)
Jensen-Haise; pan evaporation;
Penman-Monteith; Priestley-Taylor;
or user input

Integrated Models
GSFLOW

Hamon; Jensen-Haise; or pan
evaporation

(Markstrom et al. 2008)

MIKE-SHE

Penman-Monteith

(DHI 2017)

HydroGeoSphere

Hargreaves

(Aquanty 2015)

2.4.3.1 Potential and Reference ET
Since it is very difficult to measure ET directly, many calculation methods have been developed
using other parameters. These typically calculate potential ET (PET) or reference ET (RET), which
then need to be converted to actual ET (AET), as discussed below.
PET is the rate of ET occurring when all surfaces are wet and water and nutrients are not limiting
factors (Jensen and Allen 2016; Verstraeten et al. 2008). PET is less commonly used than RET,
because its primary assumption of unlimited water availability is not valid (Jensen and Allen 2016).
Many ET equations were originally developed to calculate PET.
RET was developed as an alternative to PET. RET is defined by the American Society of Civil
Engineers as “the ET rate from a uniform surface of dense, actively growing vegetation having
specified height and surface resistance, not short of soil water, and representing an expanse of at
least 100 m of the same or similar vegetation” (ASCE 2005 p. iii). A tall alfalfa and a short grass
are both used as reference crops to calculate RET (ASCE 2005). Once RET is calculated, a series
of coefficients can be applied to convert it from the reference crop to the desired vegetation (Jensen
and Allen 2016). These coefficients have been derived from field studies since the 1960s, and can
take into account various factors such as: plant type; plant density; plant growth stage during the
year; water stress from low soil moisture; and microclimate (Jensen and Allen 2016).
14

Using a standard benchmark like RET allows for easy comparison between seasons and locations,
as each measurement is based off the same reference (Allen et al. 1998). If precipitation exceeds
the RET, then the RET can be used to estimate the AET using the crop coefficient (Jensen and
Allen 2016). However, if the RET exceeds precipitation, the soil water balance must be applied to
estimate the AET (Jensen and Allen 2016).
The literature is not consistent in the use of reference and potential ET. For example, Irmak et al.
(2012) discuss “reference (potential) evapotranspiration” (p. 228) and don’t differentiate between
the two terms. Some authors will refer to an equation as RET while others refer to the same
equation as PET. The Hargreaves (also called Hargreaves-Samani) equation is one that is
commonly classified as either: some use RET (e.g. Jensen and Allen 2016; Liu et al. 2017; Martel
et al. 2018), while others use PET (e.g. Li et al. 2016; Lu et al. 2005; Xu and Singh 2001).
2.4.3.2 Open Pan Evaporation
Open pan evaporation is frequently measured at meteorological monitoring stations and is used in
many models as the ET input. Pans of a standard size and shape are filled with water; the change
in water depth is used to calculate evaporation. This method lumps the effects of solar radiation,
wind speed, air temperature and humidity (Allen et al. 1998). A pan coefficient needs to be applied
to account for the pan’s colour, size, and location (Allen et al. 1998). For example, unadjusted ET
from the above-ground Class A pan will be different from that of a Colorado sunken pan due to
the effects of the exposed metal pan (Allen et al. 1998).
Disadvantages of this method include the difficulty of recording water depth on windy days; the
possibility of birds and animals using the water in the pan (Irmak et al. 2005); and heat storage of
the pan itself which may increase ET overnight (Allen et al. 1998). However, when properly
maintained, and with an appropriate pan coefficient applied, open pans have been found to provide
highly accurate estimations of RET (Chen and Robinson 2009).

2.5 Soil Moisture Content
Soil moisture content can be measured to improve understanding of water flow through the soil.
This is particularly relevant in bioretention studies to improve understanding of the reduction in
15

soil moisture during inter-storm dry periods which restores storage capacity before the next rain
event (Beyerlein 2010). For example, Johnston (2011) found that vegetation type had a significant
influence on soil moisture, including diurnal moisture fluctuations and storage capacity
regeneration between rain events.
Several studies have been conducted to determine the applicability of TDR probes in bioretention
research, demonstrating their effectiveness (eg. Johnston 2011; Stander et al. 2010, 2013). Stander
et al. (2010, 2013) found that TDR probes were able to measure the timing and size of the wetting
front moving through the bioretention cell after a rain event. The three primary parameters of the
wetting front include the magnitude of the increase in VWC; the time duration for the VWC to
return to the pre-storm level; and the time lag between the start of the rain event and the increase
of VWC (Stander et al. 2010). These parameters vary depending on the intensity and duration of
the rain event.

2.6 Climate Change
Climate change is a reality that needs to be considered when investigating anything related to
stormwater management. Climate change is expected to increase the global mean temperature and
have significant impacts on other associated weather patterns, including precipitation and ET.
Relying on historical trends to predict precipitation and ET may not be appropriate due to nonstationarity arising from climate change (Davis et al. 2011). Various models are therefore being
applied to predict how climate change will impact these processes. McAfee (2013) and Kingston
et al. (2009) investigated the impact of climate change on global ET rates.
McAfee (2013) used the Hamon, Priestley-Taylor, and Penman equations to model changes in
PET from 2001-2011 to 2079-2098 using 17 different climate change models to predict the future
climate. She found that all three equations generally predicted increased PET across the globe, but
that the Priestley-Taylor and Penman equations both predicted decreasing PET in some high
latitude areas, while the Hamon equation consistently predicted an increase (McAfee 2013).
Similarly, Kingston et al. (2009) used six equations to model PET under five different climate
change models and found a global increase in PET regardless of equation, model, or latitude. They
also found that the Hamon equation predicted the greatest increase in PET (Kingston et al. 2009).
There was not a high degree of agreement between the equations; for example, at a latitude of
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40°N, different equations predicted an increase in PET between 75-200 mm/year from a baseline
of approximately 1000 mm/year (Kingston et al. 2009).
The Hamon equation only uses temperature and length of day to estimate PET and therefore may
be overestimating the effect of higher daily temperatures, as increased cloud cover and lower
surface wind speed are also predicted to occur due to climate change and could mitigate the impact
of higher temperatures (Kingston et al. 2009). Other researchers have highlighted the importance
of using as many climate variables as are available to minimize the risk of eliminating an important
climate variable (McMahon et al. 2013). The Jensen-Haise equation also predicted higher
increases in PET (Kingston et al. 2009), but it only relies on temperature and incoming solar
radiation (Jensen and Haise 1965). If the Hamon and Jensen-Haise equations are removed from
the analysis by Kingston et al. (2009), then the maximum predicted increase in PET is 150
mm/year, down from 200 mm/year, at a latitude of 40°N.
However, climate change will also increase rainfall intensity, frequency, and magnitude
(Hathaway et al. 2014). This may result in less time between rain events for water to leave a
bioretention facility through ET and exfiltration into native soils to allow the facilities to regain
their full storage capacity (Davis et al. 2011). For example, one study in North Carolina found that
the percentage of runoff that left the bioretention facility as overflow increased, while the
percentage that left as drainage, exfiltration, and ET decreased (Hathaway et al. 2014). More
frequent droughts are also predicted for some regions, including southern Ontario (Tam et al.
2019), which accompanies a prediction for more frequent high-intensity rain events (Deng et al.
2016). These trends will add stress to the vegetation and microbes in vegetated LID practices
(Hathaway et al. 2014). It is therefore important to design LID facilities with the changing climate
in mind, to ensure that they continue to effectively manage stormwater runoff.
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3 Measuring evapotranspiration in a bioretention system using a
weighing lysimeter
Abstract
Contemporary urban stormwater management includes a suite of low impact development
practices, including bioretention. Filtration, infiltration, and evapotranspiration (ET) all play an
important role in the function of bioretention facilities. ET is frequently overlooked in the design
of bioretention facilities, partly because it is considered insignificant compared to infiltration, but
partly because limited research has been conducted to quantify it. A study was conducted to
measure the ET from a bioretention facility in Guelph, Ontario by designing a lysimeter to match
Ontario design recommendations for bioretention facilities. The annual average daily ET rate was
1.30 mm/d, with monthly averages ranging from -0.009-2.90 mm/d. Wintertime ET was negligible
and within the margin of error of the lysimeter design. Effluent rates from the lysimeter were
greater than 0.5 mm/d 82% of the time, indicating that the moisture of the deeper bioretention
media rarely dropped below the field capacity. Water generally flowed through the lysimeter at a
similar rate in all seasons, despite frequent freeze-thaw cycles in the winter.

3.1 Introduction
In an urban environment, high imperviousness significantly changes the water balance from its
pre-development state. Precipitation results in runoff, infiltration, and evapotranspiration (ET), but
in urban areas runoff tends to dominate the water balance. Responding to the issues caused by high
stormwater runoff, conventional stormwater management focuses primarily on managing the
runoff and neglects infiltration and ET (Echols 2008). Low impact development (LID) design takes
infiltration into account, but design manuals typically only consider infiltration in the sizing of
practices like bioretention, and don’t include ET (e.g. STEP 2017). However, the during the interstorm period, ET can play a significant role in restoring storage capacity in a bioretention cell
(Wadzuk et al. 2015). Longer term modeling does include ET, which is often calculated using
weather data (see chapter 4), and is then incorporated into the water balance (Stewart et al. 2017).
ET is an important component in a region’s water balance; in forested areas it can be between 6095% of the annual precipitation (Fletcher et al. 2013). In urban areas ET is typically lower, ranging
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from 20% (Fletcher et al. 2013) to 40% (Grimmond and Oke 1999) in temperate climates. ET can
play an important role in the energy balance of urban areas, as it consumes large amounts of energy
and can therefore mitigate some of the urban heat island effect (Qiu et al. 2013). Increasing ET in
urban areas can therefore reduce urban air temperatures, which also has the benefit of improving
residents’ living conditions (Qiu et al. 2013).
Most ET research has been conducted in agricultural settings, with significantly less work
completed in other fields, such as stormwater management (Hess et al. 2017). It is challenging to
investigate ET in urban areas due to the presence of many microclimates (Grimmond and Oke
1999). Due to these challenges and the relatively new implementation of LID stormwater
management, a limited number of studies have been conducted to measure bioretention ET rates.
Pertinent details from 13 studies are presented in Table 3.1, including the ET rate; the percent of
the water budget attributed to ET; the ratio of the catchment area to the bioretention area; the
season(s) of the study; the method of ET measurement, including special features, if relevant; the
plant type; the USDA soil classification of the bioretention media; and the location of the study.
These studies have largely been conducted in the United States, with one each in Canada, New
Zealand, Australia, and Norway, and found average ET rates from 0.17 to 12 mm/day. The percent
of the water budget attributed to ET was only reported by a few studies but ranged from 17-78%.
The differences between these two values can largely be attributed to the season (fall vs. entire
growing season), study method (horizontal soil column vs. lysimeter with internal water storage),
and precipitation application (simulated storms vs. naturally occurring precipitation) (Hess et al.
2016; Wadzuk et al. 2015). The presence of internal water storage has been shown to increase ET
rates due to higher soil moisture content (Hess et al. 2017; Wadzuk et al. 2015).
Reviewing the studies presented in Table 3.1 indicate that geographical location and design
decisions can play a significant role in altering the ET rate. It is therefore important to conduct
studies in diverse locations using locally appropriate designs. To date, Denich and Bradford (2010)
have conducted the only bioretention ET study in southern Ontario, but were only able to collect
data over a few weeks in late summer 2008. The purpose of this study was therefore to determine
ET rates and soil moisture patterns over four seasons in Guelph using a lysimeter to simulate a
typical bioretention area.
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Table 3.1: Summary of bioretention ET studies
Study
Culbertson &
Hutchinson
(2004)
Denich &
Bradford
(2010)
Fassman and
Stokes (2011)
Hess et al.
(2015)

ET Rate
Water
Catchment
(mm/day) Budget %
Ratio
3.5 – 7.5
Unknown

Method

June – Oct.

Soil column with
ETgage device

20

4.2 – 7.7

-

Direct rain

Aug. – Sept.

Lysimeter

2–3
1–3
2.6 – 3.1

-

22:1

Soil moisture

-

5:1

Summer
Winter
April – Sept.

21 – 22%
22%
20 – 24%
17 – 20%
27 – 30%
-

5:1

Fall

Soil column
lysimeter

5:1

Summer
(3-year
average)
Fall
(3-year
average)
Winter
(3-year
average)

Lysimeter

2.7 – 3.4
2.4 – 3.7
2.5 – 3.1
1.9 – 3.1
3.6 – 4.2
Hess (2017)
4.00
4.03
5.92
2.66
2.66
5.87
1.34
1.32
1.61
*IWS: Internal Water Storage
Hess et al.
(2016)

Season

-

-

Lysimeter

Lysimeter, IWS*
Lysimeter
Lysimeter, IWS
Lysimeter
Lysimeter, IWS

Plant
Type
Grasses,
forbs,
shrubs
Grasses,
forbs

USDA Soil
Type
Sandy loam

Location

Sand

Guelph,
ON

Grasses,
trees
Grasses,
forbs,
shrubs
Grasses

Sand

Auckland,
NZ
Villanova,
PA

Grasses,
forbs,
shrubs

Loamy sand

Sandy loam
Loamy sand
Loam
Clay loam
Silt loam
Sandy loam
Sand
Sandy loam
Sand
Sandy loam
Sand

Kansas

Villanova,
PA

Villanova,
PA

Table 3.1: Summary of bioretention ET studies cont.
Study
Hess (2017),
cont.

Hickman
(2011)
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Johnston
(2011)

Li et al.
(2009)
Muthanna et
al. (2008)

ET Rate
Water
Catchment
(mm/day) Budget %
Ratio
2.39
:1
2.17
3.11
2.86
2.72
4.42
4.87
10:1 – 5:1
1.0
1.05
3.39
Direct rain
1.37
2.71
9.2
6:1
7.9
5.9
2.1
19%
22:1
-

2.11
0.44
0.17
1.13
*IWS: Internal Water Storage

-

20:1

Season

Method

Spring
(3-year
average)
Annual
(3-year
average)
May – July
Nov. – Dec.
Nov. – Dec.
March – June
Aug. – Dec.
Aug. – Dec.
May – Aug.

Lysimeter

June – Dec.

Summer
Fall
Winter
Spring

Lysimeter, IWS
Lysimeter
Lysimeter, IWS
Lysimeter

Plant
Type
Grasses,
forbs,
shrubs

Grasses,
forbs

USDA Soil
Type
Sandy loam
Sand
Sand
Sandy loam
Sand
Sand
Sandy loam

Location
Villanova,
PA

Villanova,
PA

Lysimeter, IWS
Lysimeter
Lysimeter, IWS
Soil moisture

Impermeable liner
(ET = flow in –
flow out)
Lysimeter

Shrubs
Forbs
Turfgrass
Bare soil
Trees,
shrubs
Shrubs,
Forbs

Loam

Madison,
WI

Sandy loam

Louisburg,
NC

Sand

Trondheim,
Norway

Table 3.1: Summary of bioretention ET studies cont.
Study
Nocco et al.
(2016)
Virahsawmy
(2016)

ET Rate
Water
(mm/day) Budget %
6
7–9
3–4
1–6
1–8
2 – 10
2 – 12
1.3
1.6
6.1
78%

Wadzuk et al.
(2015)
*IWS: Internal Water Storage

Catchment
Ratio
6:1

33:1

Direct rain

Season

Method

July – Aug.

Soil moisture

Annual
(measured
over 11 dry
periods)

Lysimeter
Lysimeter, IWS
Lysimeter
Lysimeter, IWS
Lysimeter
Lysimeter
Lysimeter, IWS

April – Nov.

Plant
Type
Shrubs
Forbs
Bare soil
Tree and
sedges

USDA Soil
Type
Loam

Location

Sand

Melbourne,
AU

Madison,
WI

Sandy loam
Bare soil
Grasses

Sand
Sandy loam
Sandy loam

Villanova,
PA
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3.2 Methodology
3.2.1 Study Site
The lysimeter was originally installed in 2007 and is located on the north-east side of the
Thornbrough building at the University of Guelph (43.5308, -80.2237) at an elevation of 336 m
above sea level. It is located in a grassy area about 10 m from a 2-storey building and 10 m from
a driveway and parking lot, representing a typical urban setting. The lysimeter does not receive
runoff from its surrounding area; the only source of water is direct precipitation.
From 1981-2010, the average annual temperature in Guelph was 7°C with approximately 917 mm
of precipitation annually, of which 777 mm was rainfall and 160 cm was snow (ECCC 2018).
3.2.2 Lysimeter Design
The lysimeter design was described by Denich & Bradford (2010); in short, it consists of a concrete
foundation at 1.25 m below surface; an exterior steel housing to protect the inner components of
the lysimeter; the load-cell platform (Rice Lake Weighing Systems, Model No. MSF 4410) with a
5000 kg capacity; a medium density polyethylene (MDPE) pallet tank (Diverse Plastics Group
Inc., Part No. SP0300-PP) which contained the bioretention growing media; and a 40 L effluent
collection tank. Effluent flowed from the inner pallet tank through a 50-mm ABS pipe into the
effluent tank. The effluent tank consisted of three 100-mm diameter ABS pipes connected in an Sshape with a 50-mm vertical access pipe. Nine CS616-L water content reflectometers (WCR)
(Campbell Scientific) were installed throughout the bioretention media. The load platform was
connected to a MadgeTech Process 101 data logger and the WCR probes were connected to an
AM16/32 relay multiplexer and a CR1000 data logger (Campbell Scientific). The load platform
was powered by an electrical connection to the Thornbrough building, while the multiplexer and
data loggers were connected to a PS100 12-V battery (Campbell Scientific) with an attached 10W
solar panel. Wires from the load platform and probes were connected to a lockable exterior
enclosure where the multiplexer and data loggers were stored.
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A weather station was located on the roof of the Thornbrough building and was used to estimate
the precipitation, temperature, wind speed, and relative humidity. This station is within 50 m of
the lysimeter.
3.2.3 Lysimeter Rehabilitation
Since the lysimeter was installed more than 10 years ago, the instrumentation was no longer fully
functional. It was therefore rehabilitated in May 2018. The effluent tank was excavated,
disconnected from the lysimeter inner tank, and removed. The bioretention media and WCR probes
were then removed from the inner tank. The bioretention media was distributed over the
surrounding garden area, as it does not meet the specifications outlined by STEP (2018) for use in
bioretention facilities. The inner tank was removed for inspection, as was the load-cell platform.
It was determined that the primary cause of failure of the load platform was that the cable
connecting the load platform to the display unit had been chewed through, likely by mice. A new
MSF 4410 (Mars Scale Corp.) 5000 kg capacity load-cell platform was installed, and the inner
tank replaced. The new cable was enclosed in 20-mm electrical conduit pipe to prevent future
damage. The cable connects the load-cell platform to the digital display unit stored in a locked
ENC12/14 exterior enclosure. An ethylene-propylene-diene monomer (EPDM) liner was used to
cover the 10-cm space between the inner and outer tanks to prevent debris from entering the air
space.
A new effluent tank was constructed using a 50-cm length of 300-mm gasketed PVC pipe with
caps on both ends. Two 64-mm holes were drilled in the side of the pipe to allow for the access
pipe and for connection to the lysimeter. To construct the effluent pipe, a new MIPT ABS adaptor
hub was bonded to a length of 50-mm ABS pipe and connected to the threaded outlet of the inner
tank; this pipe was connected to a 50-mm FERNCO flexible coupler, a 50-mm 90° elbow, and a
50-mm pipe that entered the effluent tank through one of the holes. An EPDM wrap was tied into
place around the entrance to the effluent tank to prevent soil from entering. An access pipe to the
effluent tank was created from a 50-mm ABS pipe bonded to a MIPT adaptor hub, which was
sealed into the second hole in the effluent tank. Figure 3.1 and Figure 3.2 show the schematic of
the lysimeter and the design of the effluent tank. The effluent pipe and tank were tested for leaks
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and were confirmed to be watertight. A pressure transducer (DI501, VanEssen Instruments) was
installed in the effluent tank to monitor the effluent water level. A second transducer was installed
in the access pipe for barometric pressure calibration.

Figure 3.1: Lysimeter schematic, after Denich & Bradford (2010)

Figure 3.2: Effluent tank, including access pipe (left) and effluent pipe from lysimeter (top)
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Bioretention media (Bio Retention Mix, Jenkins Soil Mixtures) was placed in the inner tank in 510 cm lifts. This media meets the specifications outlined by (STEP 2018) (Table 3.2 and Figure
3.3). Each lift was lightly compacted. A vertical 50-mm ABS pipe with holes drilled in the bottom
10 cm was installed as an air vent. WCR probes were placed horizontally at depths of 10 cm, 20
cm, 30 cm, 50 cm, and 70 cm, with a duplicate probe placed at 30 cm. Two vertical probes were
installed at 0-30 cm and 30-60 cm. The horizontal WCR probes were placed at the appropriate
depth, and media was placed around each probe to ensure adequate contact with the soil. The
vertical probes were inserted when the soil depth reached the shallower depth. All the cables from
the WCR probes were grouped together and run through a 38-mm ABS pipe from the lysimeter to
the enclosure box to prevent vandalism. All WCR probes were tested prior to installation to ensure
accurate readings, and were found to be within the ±2.5% volumetric water content accuracy
specified by Campbell Scientific (2015).
The lysimeter was covered with 75 mm of shredded mulch and planted with three clumps of
Chelone obliqua (turtlehead) and two clumps of Schizachyrium scoparium (little bluestem). The
surrounding garden area was mulched with 75 mm of wood chips and planted with similar
perennials to camouflage the lysimeter and help it merge into the surrounding landscape.
Table 3.2: Bioretention media specifications
Grain Size
Distribution
Texture
Organic Matter
Phosphorus
Cationic
Capacity

Exchange

Infiltration Rate
pH

Criteria (STEP
2018)

Jenkins Bioretention
Mix

<15% fines

Figure 3.3

5 – 10%

3-5% (Douglass n.d.)

12-40 ppm

NA

10 meq/100 g

10-15 meq/100 g
(Douglass n.d.)

>25 mm/hr, <250
mm/hr

50 mm/hr

≥7

7.2-8 (Douglass n.d.)
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120%

Percent Finer

100%
80%
60%
40%
20%
0%
5

0.5

0.05

Diameter (mm)
Actual

Minimum

Maximum

Figure 3.3: Actual measured particle size distribution compared to STEP (2018) guidelines

The multiplexer was deemed unnecessary, and all WCR probes were connected directly to the
CR1000. The CR1000 was also programmed to record the weight data from the load-cell platform
via a RS-232 connection with the digital display unit. The CR1000, digital display unit, and PS100
12V battery were all stored in the ENC12/14 enclosure. A 10 W solar panel (SX10M, BP Solar)
charged the battery. Both the load-cell platform and the CR1000 were powered by the PS100.
3.2.3.1 Troubleshooting
Soon after installation, several problems arose. The PS100 battery was not able to maintain a
charge overnight due to its age and the large power requirements of the scale. The battery was
therefore replaced in July 2018 with a BP26 12V battery (Campbell Scientific) which was
connected to the solar panel through a charge controller (Morningstar SunSaver, SS 6-12V). The
solar panel was also replaced with a 20 W panel (PowerUp, BSP20-12).
The Mars scale was impacted by the fluctuating daily temperatures: as the air temperature
increased, the weight recorded by the scale also increased; the weight subsequently fell as the air
temperature did. For example, the scale recorded a weight of 1936 kg at 10:05 on July 4 when the
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air temperature inside the ENC12/14 enclosure was 25.19°C. The air temperature rose to 35.26°C
at 16:40 with a recorded weight of 1951 kg. As the air temperature fell to 22.14°C at 6:00 on July
5, the weight fell to 1930 kg. This represents an increase of 15 kg and a loss of 21 kg in under 24
hours. The plants, mulch, bioretention media, and WCR probes were all removed in August 2018
so the scale could be removed and sent back to Mars Scale Corp. A 2500 kg capacity scale from
Gamma Scale (GMI-820) was ordered and immediately installed in place of the Mars scale. As
the weight carried by the scale never exceeded 2100 kg, a 2500 kg capacity scale was deemed
adequate. The bioretention media, WCR probes, plants, and mulch were reinstalled as outlined in
Section 3.2.3. The duplicate WCR probe at 30 cm depth was malfunctioning, so was not installed.
The reinstalled lysimeter can be seen in Figure 3.4.

Figure 3.4: Lysimeter after reinstallation on August 17, 2018
As daylight hours decreased and the sun didn’t rise as high in the horizon, the solar panels received
significantly less direct sunlight. On October 12, the 20W solar panel was replaced by a 50 W
panel (BP350J). By November 22, the panels only received approximately 4.5 hours of sunlight,
and were shaded by trees or buildings for the rest of the day, so the BP26 battery and 50 W solar
panel were not able to sufficiently maintain an adequate charge in the battery for long periods of
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rainy or snowy weather. On December 26, the battery was replaced with a 100 Ah battery
(OverDrive AGM 31). This battery combined with the 50 W solar panel was able to maintain an
adequate battery charge to power the scale and datalogger throughout the remainder of the study.
On February 6, 2018, the scale began recording unstable weights, as can be seen in Figure 3.5. It
was hypothesized that prolonged exposure of the scale display unit to cold temperatures caused
this fluctuation (Tyler Lake, personal communication, Feb. 17, 2019). In mid-March, as the air
temperature began to warm above freezing, the fluctuations decreased, until the data stabilized on
March 21, 2019 (Figure 3.6).
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Figure 3.5: Unstable weights in February 2019
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Figure 3.6: Diminishing weight fluctuation and return to normal scale performance after
March 21, 2019
3.2.4 Monitoring and Data Collection
Data collection at the lysimeter began in June 2018 but data were not consistently recorded by the
datalogger until midway through July when the battery was replaced. Weight data were recorded
sporadically throughout the fall of 2018 as the battery power supply was not always sufficient to
power the scale in extended cloudy, rainy, or snowy weather.
3.2.4.1 Water Balance Measurement
To estimate the evapotranspiration, other parameters were measured, including precipitation,
effluent, and change in storage. Precipitation was measured from the weather station located less
than 50 m away on the roof of the adjacent building. The water level in the effluent tank was
measured by the DI501 pressure transducer (VanEssen Instruments). A calibration curve was
generated to calculate the volume of water in the effluent tank. One litre of water was poured into
the effluent tank at 3-5 minute intervals and recorded by the pressure transducer. The volume of
water was then correlated to the height of water recorded by the transducer. The change in weight
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registered by the load platform enabled an estimation of the change in water stored in the lysimeter.
The datalogger recorded weights at 5-minute intervals until November 1, 2018, when the program
was modified to record at 15-minute intervals.
On approximately September 24, 2018, the rain gauge stopped recording data accurately. The rain
gauge was replaced on December 10, 2018 with a TB3 (Hyquest Solutions) heated tipping bucket
rain gauge. During the intervening period, rain data was obtained from a private weather station
located approximately 3.1 km north of the lysimeter. The site was equipped with a Davis Vantage
Pro2 and recorded precipitation in 5-minute intervals which were aggregated to hourly intervals
(Weather Underground 2019). The rain gauge was not heated, so snowfall was not measured
accurately. The nearest station to measure snowfall was the Environment Canada station at the
Region of Waterloo International Airport, located approximately 14.5 km to the southwest (ECCC
2011). To obtain a snowfall amount for the water balance calculation, the equivalent water depth
of snowfall from the Waterloo airport was obtained.
3.2.4.2 Volumetric Water Content Measurement
The WCR probes indirectly measured the volumetric water content (VWC) using the dielectric
permittivity of the surrounding soil (Campbell Scientific 2015). The WCR probes were
programmed to take measurements at 5-minute intervals until November 1, 2018, when the
program was modified to record at 15-minute intervals. Probes within 9 inches of each other were
not enabled simultaneously to avoid erroneous results (Campbell Scientific 2015).
3.2.4.3 Runoff Simulation
Beginning in summer 2019, runoff was simulated from a 10:1 impervious catchment area for an 8
mm event (110 L of water). This rain event was selected due to the small size of the effluent tank
relative to larger rain events to avoid overwhelming the effluent tank. Nonetheless, this volume of
water applied to the lysimeter was more than twice the volume resulting from direct rain events.
Water was applied at an average rate of 105 L/hr (81 mm/hr) in the centre of the lysimeter to avoid
the impact of edge effects. This was repeated 5 times from July 18, 2019 to September 26, 2019.
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3.2.5 ET Rate Analysis
3.2.5.1 Water Balance Calculations
ET was calculated using a mass balance from the rain gauge precipitation (P), outflow volume in
the effluent tank (O), and change in storage (ΔS) as indicated by the change in lysimeter weight
(Equation 3.1):
Equation 3.1: ET = P– O – ΔS
Daily, monthly, seasonal, and annual ET were calculated for the lysimeter. Seasonal ET was
estimated for the meteorological seasons, which include summer (June 1 – August 31), autumn
(September 1 – November 30), winter (December 1 – February 28), and spring (March 1 – May
31).
Daily ET rates were calculated on a midnight-to-midnight basis. Monthly, seasonal, and annual
ET rates were calculated by averaging the daily ET rates, allowing for statistical comparisons to
be made.
ET was estimated using the data obtained from the Mars scale despite the temperature issues,
acknowledging a higher uncertainty with the results, but these data were not compared with the
results from the Gamma scale. The air temperature was recorded and nighttime weights for the
same temperature were used to calculate ET. For example, the air temperature was 23° at 20:25
on July 29 and at 20:15 on July 30. At these times, the recorded weights were 1921 and 1918 kg,
respectively, and these weights were used to calculate ET. Night temperatures were used to
minimize the effect of heat from the sun, and it was assumed that comparing weights at a constant
temperature was reasonable.
3.2.5.2 Error Assessment
The rain gauge, scale, and pressure transducer each have uncertainty associated with their data
outputs. These uncertainties are described below and in Table 3.3:
•

The resolution of the scale is 0.5 kg, but no accuracy or error characteristics are available.
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•

The rain gauge resolution is one tip per 0.2 mm of rainfall; at a rainfall intensity of 0-250
mm/hr, its accuracy is 2%, changing to 3% for intensities between 250-500 mm/hr
(Hyquest Solutions 2014). The maximum precipitation rate was 10.9 mm in 15 minutes,
which results in a 43.6 mm/hr rate and an accuracy of 0.872 mm. More typical precipitation
rates are 8 mm/hr which have an accuracy of 0.16 mm.

•

The pressure transducer has a resolution of 0.2 cmH2O, a typical accuracy of 0.5 cmH2O,
and a maximum accuracy of 2.5 cmH2O (VanEssen Instruments 2016). As the effluent tank
is a horizontal cylinder, there is not a consistent volume of water associated with a change
of 0.5 cm at all depths. For example, 0.5 cm from 0-0.5 cm represents 0.47 L of water,
while it represents 0.89 L from 14.5-15 cm. An average volume corresponding to 0.5 cm
throughout the effluent tank is 0.68 L (equivalent to 0.68 kg).
Table 3.3: Errors of measurements
Typical Error
Scale
Rain gauge
Pressure transducer

Maximum Error

kg

mm

kg

mm

0.5

0.39

0.5

0.39

-

0.16

-

0.87

0.68

0.52

0.89

0.69

Total

1.07

1.95

Assuming the error from each piece of equipment is additive, the typical error of the water balance
is ±1.07 mm. This is considered the instrument error associated with the water balance calculation.
Other error may be introduced from wind, evaporation, splashing, and wetting (Habib et al. 2001).
It can be assumed that the errors are independent and random so that there is the potential for errors
to compensate for each other; that is, not all the errors are added to each other (Winter 1981). This
is especially true over longer time periods, typically greater than one month (Winter 1981). It is
unknown when the errors are additive or compensate for each other, therefore the typical additive
error of 1.07 mm will be used for discussion purposes.
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3.3 Results and Discussion
3.3.1 Mars Scale Results
The weight recorded by the Mars scale was found to be sensitive to air temperature; as the air
temperature fluctuated, so did the recorded weight. Figure 3.7 shows the correlation between the
weight and air temperature for six days in August 2018. During this time the only precipitation
was 0.8 mm (1.04 kg) on August 9 at 22:00. There is a trend of decreasing weight with time,
although this is not consistent, as the maximum recorded weight on August 14 was greater than on
August 13 despite no precipitation. This was likely due to the higher maximum temperature on
August 13.
The average daily ET was 1.94 mm/d from July 11 to August 14, 2018. Daily mean ET ranged
from 0.23 to 5.45 mm/d as can be seen in Figure 3.8. Average daily temperature during this time
period was 22.4°C with 72.8 mm of precipitation. Due to the higher error associated with the Mars
scale data, these data are being reported separately from the subsequent data collected with the
more reliable Gamma scale.

Figure 3.7: Air temperature and scale weight from August 9-15, 2018
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Figure 3.8: ET from July 10-August 14, 2018
The highest ET rates occurred after precipitation events, as this was when the soil moisture content
was highest. This is similar to the results of Fassman and Stokes (2011), who found ET rates were
greatest within 48 hours of a precipitation event, and then decreased exponentially. The
precipitation event of 5.1 mm on July 27 was insufficient to trigger an increase in ET rates, likely
because it followed closely after two larger rain events of 10.7 and 17.3 mm, and the soil was
already very moist. In comparison, the 4.1 mm of rain on August 6 did increase the ET rate, as it
followed 8 dry days that reduced the available soil moisture. The August 6 precipitation increased
the soil moisture content up to a depth of 10 cm, which was enough to prompt an increase in ET
rate. The larger rain events that followed on August 7 and 8 increased both the soil moisture content
and the ET rate more substantially.
3.3.2 ET Rates
Daily ET is shown in Figure 3.9 from September 12, 2018, after the Gamma scale was installed,
to September 30, 2019. Monthly and seasonal ET rates were calculated by averaging daily ET.
Monthly ET rates are presented in Table 3.4 and Figure 3.10, and seasonal ET rates are presented
35

in Table 3.5. The annual daily ET, as measured from October 1, 2018 to September 30, 2019 was
1.30 mm/d with a standard deviation of 1.43.

Figure 3.9: Daily ET
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Table 3.4: Monthly ET rates

1

Month

Daily ET
(mm/d)

Average
Temperature (°C)

Precipitation
(mm)

September 2018

1.18

18.04

37.4

October 2018

1.11

8.33

78.6

November 2018

0.4

0.65

69.5

December 2018

-0.009

-0.87

44.0

January 2019

0.04

-6.64

31.2

February 2019

NA

-4.82

39.4

March 20191

1.00

0.88

44.9

April 2019

0.764

5.67

98.0

May 2019

1.46

12.07

131.8

June 2019

2.72

18.43

98.2

July 2019

2.90

22.91

47.0

August 2019

2.63

20.44

76.0

September 2019

2.33

16.96

66.1

The March data are from March 21-31, due to the scale technical issues earlier in the month.
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Figure 3.10: Mean monthly daily ET

Table 3.5: Seasonal ET rates
Daily ET
(mm/d)

95% Confidence
Interval

Comments

Autumn 2018

0.96

0.73 – 1.18

Missing random days throughout

Winter 2018-2019

0.02

-0.27 – 0.31

Missing February

Spring 2019

1.06

0.75 – 1.38

Missing March 1-20

Summer 2019

2.75

2.54 – 2.97

Missing June 21-July 4

3.3.2.1 Autumn 2018 ET
Due to equipment issues, ET was only calculated for 39 of the 82 days from September 1, 2018 to
November 30, 2018. For a two-week block in mid-September, the ET was very stable and
fluctuated between 0.67 and 1.69 mm/d (Figure 3.11). There was no strong correlation with
precipitation as was seen in the summer, but the precipitation levels were very low and were likely
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not large enough to have a significant impact on ET. The rain event on Sept. 21 did correspond to
the highest ET rate of 1.69 mm/d, but there was no similar reason to explain the second highest
daily ET of 1.44 mm/d on Sept. 19, even when considering temperature and solar radiation.

Figure 3.11: ET for a two-week dry period in mid-September
ET was also calculated for a two-week stretch in mid-October (Figure 3.12), which was generally
higher than for the two-week period in September (Figure 3.11). Air temperature was lower in
October than September (5.5°C vs 18.7°C), and soil moisture was also lower in October. However,
the frequent small precipitation events likely wetted the soil surface, providing more water for ET
without infiltrating deep enough to be registered by the moisture probe at 10 cm depth.
Additionally, leaves had dropped from the nearby tree, exposing the lysimeter to sun throughout
the day.
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Figure 3.12: ET for a two-week period in mid-October
3.3.2.2 Winter 2018-2019 ET
ET was calculated for 50 of the 64 days from December 1, 2018 to February 2, 2019 and was
found to be between ±1.07 mm/d 72% of the time, as can be seen in Figure 3.13. This means most
of the values were within the error calculated in Section 3.2.5.2. Of the 11 values that were less
than -1.07 mm/d, seven were below -2 mm/d, likely indicating an error associated with the
measurements. One of the three values above 1.07 mm/d was 11.37 mm/d, also likely indicative
of a measurement error. It is expected that higher errors occur when measuring snowfall using the
tipping bucket rain gauge as there would be a more significant catch error. A correlation was found
between precipitation and negative ET, where 69% of days with precipitation had negative ET,
although only 41% of the days with negative ET occurred on days with precipitation.
Negative ET indicates condensation is occurring, but this requires a relative humidity (RH) of
100%. Although there were several days during this time where the RH reached 100%, this only
happened on six of the days with negative ET. Since only 44% of the days with negative ET were
days with precipitation or an RH of 100%, most of the negative values must be attributed to errors
within the system.

40

Figure 3.13: Winter ET and precipitation, only including ET values ±3 mm/d

3.3.2.3 Spring 2019 ET
ET was calculated for 66 of the 72 days from March 21 to May 31, 2019. During this time period,
15 ET values were below 0 mm/d, although these were predominantly during March and April.
ET rates generally fluctuated up to 2 mm/d with no observed trends (Figure 3.14). However, as
April and May were very wet months, with only one 4-day dry period and two 3-day dry periods
in between days with rain, there were limited opportunities for trends to form. Plants began to
emerge around May 10 and continued to grow well throughout the spring. The nearby Kentucky
coffee tree did not leaf out during the spring months, so the lysimeter was able to receive nearly
full sun during this period.
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Figure 3.14: Spring ET and precipitation

3.3.2.4 Summer 2019 ET
ET was calculated for 77 of the 92 days from June 1 to August 31, 2019. ET rates at the beginning
of June were generally higher than for the rest of the summer (Figure 3.15). This is likely due to
the fact the plants had reached a height of approximately 30 cm and the lysimeter was still
receiving nearly direct sunlight, as the Kentucky coffee tree didn’t leaf out until around June 12.
Once the tree leafed, the lysimeter was shaded for most of the morning and only received afternoon
sun. Even though the plants continued to grow, during the remainder of the summer the ET rate
typically ranged from 1.5 – 3.5 mm/d.
Beginning in July, the ET rates began to show a similar trend to the summer of 2018 where ET
decreased after a large rain event. This trend was similar after a direct rain event or a simulated
runoff event. The high ET rate was similar after direct rain and simulated runoff, with no
significant difference (two-tail t-test, p=0.40) in the ET measured the day following a simulated
runoff or a direct rainfall of at least 8 mm after the tree leafed.
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Figure 3.15: Summer 2019 ET and precipitation, including three simulated rain events
(equivalent to 84.7 mm of direct rainfall)

3.3.2.5 Autumn 2019 ET
During Autumn 2019, ET rates were only calculated in the month of September. The plants in the
lysimeter did not start senescing during this month, and were still at full leaf, similar to August.
Two additional simulated rain events were conducted on September 6 and 26. Because only two
runoff simulations were conducted, no statistical comparisons could be made. However, visual
observations from Figure 3.16 indicate the rain simulations did not result in a greater increase in
ET than the 23 mm rain event on September 13.
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Figure 3.16: September 2019 ET and precipitation, including two simulated rain events
(equivalent to 84.7 mm of direct rainfall)
3.3.3 Simulated Rain Events
The three summer and two autumn simulated rain events did not significantly increase ET during
the days following the simulation as compared to the days following a direct rain event. When rain
events saturate the soil to field capacity, any additional water, such as that from impervious area
runoff, will not be retained in the soil or be available for ET but will infiltrate through the
bioretention media into the underdrain. Based on these results, the ET from the days following the
rain simulations were not excluded from the overall analysis. Similarly, Hess et al. (2017) analyzed
rain simulations over three bioretention lysimeters (sandy loam with unconstricted drainage, sand
with unconstricted drainage, and sand with internal water storage (IWS)). They found no
significant change in ET in the two lysimeters with unconstricted drainage, but that ET after a rain
simulation was significantly higher than after direct rainfall for the IWS lysimeter (Hess et al.
2017).
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3.3.4 ET Comparisons
The monthly mean daily ET ranged from -0.009 to 2.90 mm/d over the course of this study. These
rates are generally lower than those measured in previous studies (Table 3.1). The main factors
influencing this difference are the climate and microclimate.
The average annual daily temperature in Guelph is 7°C, with 147 frost-free days per year, and 917
mm of precipitation, of which 160 mm falls as snow (ECCC 2018). Of the previous studies, the
location with the most similar climate is Madison, Wisconsin, with an average annual daily
temperature of 8.1°C, 148 frost-free days, and 875 mm of precipitation (Young 2019). With the
exception of the Norway study, the other locations had average annual temperatures at least 5°C
greater than Guelph and at least 30 more frost-free days per year. Trondheim, Norway has a colder
climate than Guelph, with an average annual temperature of 4.9°C and an average July temperature
of 13.9°C (Thorolfsson 2007). Trondheim is also at a latitude of 63°N, just below the Arctic Circle,
resulting in 3.5 hours of night in the summer and 4.5 hours of daylight in the winter (Thorolfsson
2007). Since higher temperatures and higher solar radiation increase the ET rate, it is not valid to
use ET rates calculated from regions with significantly different trends in temperature or daylight
hours.
The microclimate also reduced the ET rate from this study when compared to previous studies.
The lysimeter was located within 5 m of a Kentucky coffee tree. At the time the lysimeter was
installed, this was not a large tree. However, over the previous 12 years, the tree has grown
significantly and now shades the lysimeter for most of the morning. In addition, the lysimeter is
located 10 m to the north-east of a 2-storey building which provides late afternoon and evening
shade. None of the previous studies discuss shading, so it is assumed they were conducted in full
sun. Solar radiation is another component that increases ET rates, (Jensen and Allen 2016),
meaning that shading can substantially reduce ET rates.
The impact of shading can be seen by comparing the ET rate calculated by Denich and Bradford
(2010) with the current study, as these studies were conducted in the same location. They found
average ET rates ranged from 4.2 to 7.7 mm/d in July and August 2008 (Denich and Bradford
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2010), while the same months in 2019 averaged 2.90 and 2.63 mm/d. Although the soil in the
lysimeter was replaced in 2018, both soils can be classified as sands, and the mean air temperature
was higher in 2019 (20-22°C) than in 2008 (16-19°C). For both of these time periods, the plants
in the lysimeter were approximately 1 year old. Although leaf area index was not calculated,
photographs from both years indicate comparable plant density in the lysimeter. The primary
difference was therefore the maturation of the Kentucky coffee tree and the increased shade.
3.3.5 Effluent Rates
The effluent pipe and tank behaved similarly to an underdrain in a lined bioretention system. The
mean daily effluent rate from September 1, 2018 to September 30, 2019 was 2.8 mm/d. As can be
seen in Figure 3.17, the effluent rate fluctuated greatly over time. The figure does not show effluent
rates greater than 25 mm/d which happened after each of the simulated rain events and during one
melt event on February 4, 2019. Immediately following a rain or melt event, the effluent rate
increased, and then declined with time during subsequent dry periods. The highest effluent rates
were observed in autumn, winter, and spring, when large or frequent rain or snowmelt events
occurred, and the plants were in senescence. During these time periods, ET rates were low, so the
soil storage capacity was not replenished during dry periods as is possible during the summer when
ET rates are higher. These results are similar to those of Muthanna et al. (2008), who found that
hydraulic detention time was positively correlated with temperature, and that there was lower peak
flow reduction in the winter, indicating that water was held longer in the soil during the summer
than in the winter.
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Figure 3.17: Mean daily effluent rate compared with precipitation

The lysimeter produced effluent daily, even during dry periods. During the experiment time period,
only 18% of the days had an effluent rate under 0.5 mm/d. This indicates that the moisture of the
deeper soil never dropped below the field capacity, as the force of gravity was always able to
extract additional water from the soil.
The depth of the plant roots was not measured, as that would have required excavating the
lysimeter, but previous research has found that the majority of roots for little bluestem are within
the top 20 cm of the soil within the first year of growth (Polley et al. 1992). A similar trend is
expected for the turtlehead, and it is unlikely that there would be significant root biomass below
the 50 cm depth during the second season of growth. Therefore, gravitational flow to the
underdrain was the only mechanism for the deeper water to leave the lysimeter during the study
period.
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3.3.6 Soil Moisture
3.3.6.1 Moisture Trends
When ET played a significant role in the water balance, the shallower soil moisture probes
displayed a diurnal fluctuation. The soil moisture decreased during the day and remained relatively
stable overnight. During autumn 2018, the strength of the daily diurnal fluctuation decreased as
the autumn progressed. The effect of ET on the soil moisture fluctuations decreased from
September to late November, disappearing over the winter, and beginning again in May and
increasing into the summer.
These trends matched the change in weight of the lysimeter and indicate that the probes were
indicative of the change in weight. The horizontal probe at 20 cm best represented the change in
weight during dry periods, as can be seen in the example from July 22 – August 1, 2019 in Figure
3.18. The 3.4 mm of rain on July 30 was small enough to not disrupt the relationship as larger rain
events did. However, despite this good match between VWC and weight, it would be highly
inaccurate to estimate ET from the VWC data without taking the effluent drainage into account.
As discussed in Section 3.3.5, the lysimeter produced effluent daily and only 18% of the days had
an effluent rate under 0.5 mm/d. If 0.5 mm of effluent was attributed to ET on a day with an ET
rate of 2.0 mm/d, this method would overestimate ET by 25%. The assumption used by many
authors that deep percolation will cease from one to two days after a rain event (eg. Fassman and
Stokes 2011; Schelde et al. 2011; Wilson et al. 2001) was not valid for this study.
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Figure 3.18: Example of relationship between lysimeter weight and volumetric water
content in July 2019

3.3.6.2 Wetting Front Lag Time
During rain and snow-melt events, the progression of the wetting front could be tracked by the
increase in VWC recorded by the WCR probes. During the rain simulations which added large
volumes of water in a short period of time, it took less than 15 minutes for the wetting front to
reach the 50 cm probe. The 70 cm probe began malfunctioning in early May 2019, so the wetting
front could only be tracked from the 10 cm probe to the 50 cm probe for this portion of the study.
However, tracking the wetting front is useful when examining the seasonal performance of the
bioretention media. It generally took less than 10 hours for the wetting front to move from 10 cm
to 20 cm of depth, and less than 20 hours to move from 10 cm to 50 cm, as can be seen in Figure
3.19. Four snowmelt events triggered a response in a deeper probe before a shallower probe,
indicating the water flowed through preferential pathways during these events when soil was
frozen.
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Figure 3.19: (a) Wetting front lag time in spring, summer, fall (left); (b) Wetting front from
first snow on Nov. 15, 2018 to last snow on April 2, 2019 (right)
Four melt events took more than 15 hours for the wetting front to reach 20 cm depth, so there is
the potential for concrete frost to have formed at some depth in the soil. Three kinds of frost are
possible, including concrete, granular, or porous (Kratky et al. 2017; LeFevre et al. 2009). When
a saturated soil freezes, concrete frost is formed and, as most pores are filled with ice, the
infiltration rate is very low (Kratky et al. 2017). Granular and porous frosts both form in
unsaturated soils, and maintain higher infiltration rates, although porous frosts are the most
permeable (LeFevre et al. 2009).
A significant concern with winter performance of bioretention systems is whether the bioretention
media can infiltrate melt water when the soil matrix is frozen. Of the 32 events that triggered an
increase in soil moisture between the first and last snow events, only four had these slow
infiltration rates indicative of concrete frost, meaning that the remaining 87.5% of events were
infiltrated normally through granular or porous frosts. Previous studies have found both shorter
lag times (Muthanna et al. 2008) and longer lag times (Khan et al. 2012) during freezing
conditions. These trends would likely be attributed to the method of freezing, and whether
preferential pathways or concrete frost formed.
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3.4 Conclusions and Recommendations
The average daily ET from October 1, 2018 to September 30, 2019 was 1.30 mm/d, with average
monthly ET ranging from -0.009 mm/d to 2.90 mm/d. The maximum daily ET was 5.6 mm/d, but
95% of daily ET values were less than 3.5 mm/d. The results indicate that ET does occur
throughout the year, including during the winter months, although ET rates are very low during
December and January, and were not measured during February. As the lysimeter was shaded
during summer months, ET rates were lower than those measured during an earlier study in 2009.
The impact of climate and microclimate was found to be significant and indicate that using ET
data from locations with substantially different climates and microclimates may not be appropriate.
During summer weather, ET rates declined with time during the dry period following a rain event,
but the patterns of soil moisture indicate that although ET was significant to a depth of 30 cm, it
did not impact soil moisture at 50 cm. Further maturation of the plant roots may allow for some
ET to occur from greater depths.
Water flow patterns through the bioretention media were also observed. There was nearly
continual production of effluent throughout the year, including during the winter and during dry
periods. This indicates that the soil moisture content is not dropping below the field capacity in
the deeper portions of the lysimeter. Additionally, lag time estimates found that water was able to
flow through the bioretention media at a similar rate in the summer and winter, demonstrating
good performance during winter rain and melt events, despite the frost in the soil.
As the plants continue to mature, deepening their roots and spreading throughout the lysimeter,
the ET rates will likely continue to increase. As there are few long-term studies that investigate
ET from bioretention areas, monitoring of the lysimeter should be continued to determine ET from
a mature system. Other lysimeters should be installed in various urban settings in Guelph to further
confirm the impact of microclimates on ET rates. Further research should be conducted on the use
of soil moisture data to predict ET to determine whether it is possible to estimate ET using soil
moisture probes without the high error associated with the continual drainage.
A limitation of placing the scale underneath the MDPE tank and burying the effluent tank is that
neither is accessible for maintenance. Significant disruption to the system is required for access.
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Future configurations could consider suspending the MDPE tank from load cells (Muthanna et al.
2008), and maintaining access to the effluent tank through a vertical shaft with a locked lid. To
avoid the frequent overfilling of the effluent tank during large rain and melt events, a larger effluent
tank could be installed. If effluent collection is not needed, a tipping-bucket rain gauge placed at
the end of the effluent pipe would eliminate the need for a tank.
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4 Comparison of predicted evapotranspiration with lysimetercalculated evapotranspiration of a bioretention system
Abstract
Measuring evapotranspiration (ET) is a laborious process, so it is beneficial to be able to estimate
it from other variables. Most equations that have been developed to predict ET have been calibrated
for agricultural purposes, but these equations are starting to be used to estimate ET from
bioretention facilities in urban areas. The results of a lysimeter study that measured ET from a
bioretention facility were used to test the performance of six ET prediction equations, including
Hamon,

Hargreaves-Samani,

Jensen-Haise,

Penman-Monteith,

Priestley-Taylor,

and

Thornthwaite. None of the equations performed well if unmodified, as the actual conditions did
not match the assumptions required for each of the equations. The study site was in a protected
location, only receiving direct sun for part of the day, and protected from wind by a building. An
environment factor (kmc) of 0.5 was applied to the equation results, which was enough modification
for the Jensen-Haise equation to reasonably estimate the lysimeter ET. EPA SWMM was also used
to model the lysimeter ET using it’s bioretention editor, but this was found to overestimate and
underestimate the ET, depending on the month.

4.1 Introduction
Although evapotranspiration (ET) is not frequently considered in the design of individual
bioretention cells, it is typically included in longer term modelling studies of stormwater
management systems that include low impact development (LID) components like bioretention.
In bioretention facilities, ET plays a significant role during the inter-storm period by restoring
storage capacity (Wadzuk et al. 2015). ET is able to remove water from the soil between the
permanent wilting point and the field capacity, when gravity drainage is no longer feasible (Pitt et
al. 2008).
Since ET is difficult to measure directly, many equations have been developed to predict ET using
meteorological data. Some equations are empirical and others are theoretical and they vary in terms
of complexity and number of variables. One key difference is whether the equation calculates
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reference ET (RET) or potential ET (PET). Although these are similar terms, the assumptions
behind RET and PET are slightly different. PET is the rate of ET occurring when all surfaces are
wet and water and nutrients are not limiting factors (Jensen and Allen 2016; Verstraeten et al.
2008). Although RET assumes well-watered vegetation, it does not assume a wet surface (Jensen
and Allen 2016). In addition, RET is based on a reference crop, either a tall alfalfa or a short grass,
as the basis for the calculation, to allow for standardization (ASCE 2005).
ET equations have predominantly been developed to estimate ET from turfgrass or agricultural
crops (Jensen and Allen 2016). They are, however, being applied to many other applications,
including bioretention (Hess 2017; Hess et al. 2015, 2017; Hickman et al. 2011; Johnston 2011;
Nocco et al. 2016). The Hamon, Hargreaves, Jensen-Haise, Penman-Monteith, Priestley-Taylor,
and Thornthwaite equations were each developed to calculate ET, and were selected as they are
commonly used in Ontario as part of stormwater management planning (Table 2.1). Commonly
used forms of the equations are presented in Table 4.1. References have been provided for the
original form of the equations as well as for subsequent studies that have elaborated on the
calculations of the various parameters of each equation. Units have been standardized across the
equations. The supplementary equations are also shown in Table 4.1, along with the variables and
required units.
Table 4.1: Equations used to model daily and monthly ET
Name
Hamon
(Hamon 1963)
Hargreaves-Samani
(Hargreaves and Allen 2003;
Jensen and Allen 2016)
Jensen-Haise
(Jensen and Allen 2016; Jensen
and Haise 1965)
Penman-Monteith
(ASCE 2005; Jensen and Allen
2016)
Priestley-Taylor
(Priestley and Taylor 1972)

Equation
𝐷 2 𝜌𝑠𝑎𝑡
𝑃𝐸𝑇 = 0.55 ( )
(25.4)
12 100
𝑅𝑎
(𝑇 + 17.8)(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 )0.5
𝐸𝑇𝑜 = 0.0023
𝜆𝜌𝑤 𝑎
𝐸𝑇𝑟 = 𝐶𝑟 (𝑇𝑎 − 𝑇𝑥 )

𝑅𝑆
𝜆𝜌𝑤

𝐶𝑛
𝑢 (𝑒 − 𝑒𝑎 )
(𝑇𝑎 + 273) 2 𝑠
𝑅𝐸𝑇 =
𝛥 + 𝛾(1 + 𝐶𝑑 𝑢2 )
𝛥 (𝑅𝑛 − 𝐺)
𝑃𝐸𝑇 = 𝛼
(𝛥 + 𝛾) 𝜆𝜌𝑤
0.408𝛥(𝑅𝑛 − 𝐺) + 𝛾
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Name
Equation
̅̅̅̅̅̅̅̅ 𝑑𝑎𝑦𝑚𝑜𝑛 10𝑇̅𝑀 𝑎𝑇ℎ
Thornthwaite
ℎ𝑟𝑑𝑎𝑦
(Thornthwaite and Mather 𝑃𝐸𝑇𝑀 = 16 ( 12 ) ( 30 ) ( 𝐼 )
1957; Xu and Singh 2001)
Supplementary Equations
𝛾 = 0.000665𝑃
2𝜋𝐽
− 1.39]
365
17.27𝑇𝑎
2503𝑒𝑥𝑝 (
)
𝑇𝑎 + 237.3
𝛥=
(𝑇𝑎 + 237.3)2
𝜔𝑠 = 𝑎𝑟𝑐𝑐𝑜𝑠(−𝑡𝑎𝑛𝜙𝑡𝑎𝑛𝛿)
2167𝑒 𝑜
𝜌𝑠𝑎𝑡 =
𝑇𝑎 + 273.3
𝑎 𝑇ℎ = (6.75 × 10−7 )𝐼 3 − (7.71 × 10−5 )𝐼 2
+ 0.017921𝐼 + 0.49239
2𝐸
𝐶1 = 38 −
305
5.0
𝐶𝐻 =
𝑒2 − 𝑒1
1
𝐶𝑟 =
𝐶1 + 𝐶2 𝐶𝐻
2𝜋𝐽
𝑑𝑟 = 1 + 0.033𝑐𝑜𝑠 (
)
365
𝛿 = 0.4093𝑠𝑖𝑛 [

17.27𝑇𝑎

𝑒 𝑜 = 0.6108𝑒 𝑇𝑎+237.3
𝑅𝐻𝑚𝑒𝑎𝑛
𝑒𝑎 =
𝑒
100 𝑠

𝑒 𝑜 (𝑇𝑚𝑎𝑥 ) − 𝑒 𝑜 (𝑇𝑚𝑖𝑛 )
2
𝑅𝑠
𝑓𝑐𝑑 = 1.35
− 0.35
𝑅𝑠𝑜
1.514
𝑇̅𝑀
𝑖=( )
5
𝑒𝑠 =

12

𝐼= ∑
𝑀=1

𝑖𝑀

𝑘𝑎 = 0.75 + 0.00002𝐸
24
𝑅𝑎 =
𝐺 𝑑 [𝜔 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝛿 + 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝜔𝑠 ]
𝜋 𝑠𝑐 𝑟 𝑠
𝑅𝑛 = 𝑅𝑛𝑠 − 𝑅𝑛𝑙
2
2
𝑇𝐾,𝑚𝑎𝑥
− 𝑇𝐾,𝑚𝑖𝑛
𝑅𝑛𝑙 = 𝜎𝑓𝑐𝑑 [0.34 − 0.14√𝑒𝑎 (
)]
2
𝑅𝑛𝑠 = (1 − 𝑎)𝑅𝑠
𝑅𝑠𝑜 = 𝑘𝑎 𝑅𝑎
𝐸
𝑇𝑥 = −2.5 − 1.4(𝑒2 − 𝑒1 ) −
550
4.87𝑢𝑧
𝑢2 =
ln(67.8𝑧 − 5.42)

Variables
α – Priestley-Taylor constant (for PET, α = 1.26)
γ – psychometric constant (kPa °C-1)
δ – solar declination (rad)
Δ – slope of saturation vapour pressure curve
λ – latent heat of vapourization (2.45 MJ kg-1)
ρsat – saturated vapour pressure density (g m-3)
ρw – density of liquid water (1.0 Mg m-3)
σ – Stefan-Boltzmann constant
(4.901x10-9 MJ K-4 m-2 d-1)
ϕ – latitude in radians (0.7595)
ωs – sunset hour angle
a – albedo (0.23)
AET – actual evapotranspiration (mm d-1)
C1, C2, CH – constants (C2 = 7.3°C)
Cd – 0.38 for tall reference crop, daily ET (0.34
for short reference crop)
Cn – 1600 for tall reference crop, daily ET (900
for short reference crop)
Cr – temperature coefficient (kPa °C-1)

D – daylight hours, units of 12 hours
dr – eccentricity factor
daymon – number of days in the month
E – elevation (m)
eo – saturation vapour pressure (kPa)
e2, e1 – saturation vapour pressure (kPa) at mean daily
maximum and minimum temperatures of the
hottest month
ea – actual vapour pressure (kPa)
es – daily saturation vapour pressure (kPa)
ETo – reference evapotranspiration, short (mm d-1)
ETr – reference evapotranspiration, tall (mm d-1)
fcd – cloudiness function
G – soil heat flux density (MJ m-2 d-1)
Gsc – solar constant (4.92 MJ m-2 h-1)
̅̅̅̅̅̅̅̅ – monthly mean daylight hours
hrday
I – annual heat index
i – monthly heat index
J – day of the year
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Variables
ka – coefficient derived from Angstrom formula
P – air pressure (kPa)
PET – potential evapotranspiration (mm d-1)
PETM – monthly PET (mm d-1)
Ra – exoatmospheric radiation (MJ m-2 d-1)
Rn – net radiation (MJ m-2 d-1)
Rnl – net outgoing long-wave radiation (MJ m-2
d-1)
Rns – net solar radiation (MJ m-2 d-1)
Rs – incoming solar radiation (MJ m-2 d-1)
Rso – clear-sky radiation (MJ m-2 d-1)
RET – reference evapotranspiration (mm d-1)

RHmean – daily mean relative humidity (%)
Ta – mean daily air temperature (°C)
TK,max, TK,min – maximum and minimum daily
temperature (K)
̅
𝑇𝑀 – monthly mean temperature (°C)
Tmin, Tmax – minimum, maximum daily air
temperature (°C)
Tx – intercept of the temperature axis
u2 – wind speed at 2 m above ground surface
(m s-1)
uz – wind speed at z (m s-1)
z – height of weather station (m)

4.1.1 Hamon
The method developed by Hamon in 1961 and updated in 1963 calculates daily potential
evapotranspiration (PET) and is based on air temperature and hours of daylight. The equation was
developed to improve on the Thornthwaite model (McCabe et al. 2015). Despite being a simple
model, the Hamon equation has been favourably compared to other models, including ones
requiring more inputs (McCabe et al. 2015). Other studies have found it compared poorly to other
models, with Liu et al. (2017) reporting Hamon ranked 14 out of 16 models for a study located in
a semi-arid region of China.
4.1.2 Hargreaves-Samani
The Hargreaves-Samani equation (sometimes referred to as the Hargreaves equation) calculates
daily reference evapotranspiration (RET) for a short reference crop (ETo) (Jensen and Allen 2016).
The exoatmospheric radiation values can be looked up in tables provided in Hargreaves (1994), or
can be calculated based on latitude, making this equation easy to apply anywhere as long as
temperature is known. However, windy conditions (> 3 m/s) and low relative humidity (less than
~20%) can result in an overprediction of ET (Jensen and Allen 2016). Jensen and Allen (2016)
report the Hargreaves equation is well-regarded; it was ranked as the best temperature-based
method in 1990 and was found to work equally well in various climates.
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4.1.3 Jensen-Haise
The Jensen-Haise equation is also dependent only on temperature and solar radiation and calculates
daily RET for a tall reference crop (ETr) (Jensen and Allen 2016). The Jensen-Haise equation
should be used over a period greater than 5-10 days (Jensen and Haise 1965). Liu et al. (2017)
ranked Jensen-Haise ranked 10 out of 16 models for a study located in a semi-arid region of China.
In Quebec, the ET calculated with the Jensen-Haise equation was found to be approximately 50%
of the RET estimated from pan evaporation results even though it had previously been reported to
perform well in the region (Barnett et al. 1998).
4.1.4 Penman-Monteith
Both the United Nations Food and Agriculture Organization (FAO) and American Society of Civil
Engineers (ASCE) have endorsed the Penman-Monteith method as a standardized equation for
calculating RET (Allen et al. 1998; Jensen and Allen 2016). This standardized equation can be
modified to use a short or tall reference crop, depending on the constants chosen for Cd and Cn.
Similar to other methods, the Penman-Monteith method assumes a well-watered environment,
where water is not a limiting factor (Jensen and Allen 2016).
4.1.5 Priestley-Taylor
The Priestley-Taylor equation was developed in 1972 and calculates actual evapotranspiration
(AET) if the constant α is known for a given climate and vegetation type (Flint and Childs 1991).
If α is not known, using a value of 1.26 approximates PET (Priestley and Taylor 1972). The
equation was developed for semihumid to humid regions, and can underestimate ET in arid to
semiarid climates (Jensen and Allen 2016). Additionally, it does not function well in high latitudes
in late fall to late winter when R is negative for large periods of the day (Jensen and Allen 2016).
4.1.6 Thornthwaite
Thornthwaite developed a PET and AET calculation method in 1948, which was applied to a water
balance procedure by Thornthwaite and Mather (1957). Although the original study provided
tables to estimate the necessary parameters, these have been developed into a series of equations
by Xu and Singh (2001), which can be used to calculate PET and are presented in Table 4.1.
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Thornthwaite and Mather (1957) also included a procedure for converting PET to AET, based on
climate data, soil type, and vegetation type. The vegetation options are limited, and include some
common crop types, a generic orchard, and a closed mature forest (Thornthwaite and Mather
1957). A fundamental assumption of this method is that water is not limiting and that ET can
happen continuously (Xu and Singh 2001). This means that although estimation of PET by the
Thornthwaite method works well in humid climates, it is less accurate in more arid climates
(Jensen and Allen 2016).
4.1.7 Comparison of Measured and Calculated ET
Limited research has been conducted to determine how well the above equations estimate ET from
bioretention facilities. The Penman-Monteith (P-M) equation has been studied multiple times to
determine how effectively it can estimate ET. Johnston (2011) found an R2 value of 0.289 when
conducting a regression analysis to compare the predicted RET to ET measured by the change in
volumetric water content. This was a weaker correlation than that found by Hickman et al. (2011),
who found an R2 value of 0.63 when comparing RET to ET measured by a weighing lysimeter.
Hess (2017) also calculated R2, and found that it ranged from 0.16 to 0.25 when comparing to daily
ET rates using a weighing lysimeter. If the P-M equation was modified to account for soil water
availability, the daily ET R2 value increased to between 0.22 to 0.47 (Hess 2017). Nocco et al.
(2016) did not calculate an R2 value, instead reporting the monthly measured ET (from change in
volumetric water content) and predicted RET from P-M. The average percent difference was 31%,
with the ET rate estimated by the P-M equation being 28% greater than the observed ET (Nocco
et al. 2016). This overestimation is counter to the findings of Hess et al. (2015) and Hess (2017),
who found that the P-M equation (uncorrected for soil moisture) typically underpredicted ET.
Since the equation doesn’t take rainfall or the internal water storage into account, these factors
may have increased ET beyond what the P-M equation could predict (Hess 2017).
In the studies investigating the Hargreaves equation, it was typically found that the Hargreaves
equation overestimated ET (Hess et al. 2015, 2017, 2019). Comparing observed and predicted
daily ET rates, Hess (2017) found the R2 values ranged from 0.17 to 0.24; if soil moisture content
was taken into account, the R2 values improved somewhat, to 0.22 to 0.46. These values do not
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indicate a strong correlation between the observed and predicted ET rates. ET rates from the
bioretention cell with internal water storage had the strongest correlation to the Hargreaves
equation, although in this case the Hargreaves equation did underestimate the ET rate (Hess 2017).
A subsequent study found improved performance using both crop coefficients and soil moisture
extraction functions (Hess et al. 2019)
The Hamon and Priestley-Taylor equations were also studied by Nocco et al. (2016). They found
that the Hamon equation overpredicted ET by 4% and the Priestley-Taylor equation overpredicted
ET by 5% (Nocco et al. 2016).
It is clear from reviewing the above studies that climate and design decisions of the bioretention
area can impact the ability of different equations to predict ET. For example, the P-M equation
was better able to predict ET from a freely draining sand lysimeter, whereas the Hargreaves
equation performed better for a sand lysimeter with an internal water storage (Hess 2017). Most
studies found that the predictive equations overestimated ET, with the exception of Hess et al.
(2015). The following study was therefore conducted to investigate how well the above equations
predict ET from a bioretention lysimeter in Guelph, Ontario, and what coefficients would be
necessary to convert RET or PET to AET.

4.2 Methodology
4.2.1 ET models
The models described in Table 4.1 were used to calculate ET and compare to lysimeter-derived
ET rates. The Hamon, Hargreaves, Jensen-Haise, Penman-Monteith, Priestley-Taylor, and
Thornthwaite models were applied using the equations provided in Table 4.1. Daily ET rates were
calculated for all the models, with the exception of Thornthwaite which generates a monthly ET
rate (Thornthwaite and Mather 1957).
4.2.1.1 Hargreaves Equation using EPA SWMM
EPA SWMM is a commonly used program for modelling stormwater management systems. It
includes an LID module that allows for the simulation of different LID practices. A simple
bioretention model was created to represent the lysimeter. One subcatchment representing the
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lysimeter was created with a width and length of 1.1m and 1.18 m, respectively. The LID Usage
Editor was used to designate that the LID occupied the full subcatchment. Other parameters are
listed in Table 4.2.
Table 4.2: Bioretention parameters in SWMM
Surface Parameters

Storage Parameters

Berm height (mm)

100

Thickness (mm)

50

Vegetation volume (fraction)

0.1

Void ratio

0.4

Surface roughness

0.1

Seepage rate (mm/hr)

0

Surface slope (%)

0

Clogging factor

0

Soil Parameters

Underdrain

Thickness (mm)

700

Drain coefficient (mm/hr)

10

Porosity (volume fraction)

0.4

Drain exponent

0.5

Field capacity (volume fraction)

0.2

Drain offset height (mm)

Wilting point (volume fraction)

0.1

Conductivity (mm/hr)
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Surface width per unit (m)

1.1

Conductivity slope

0.5

% initially saturated

0.3

Suction head (mm)

3.5

6

LID Usage Editor

4.2.2 Meteorological Data
The weather data required to calculate the predicted ET rates were measured at a weather station
located on the roof of a nearby two-storey building. The weather station was located 13.5 m above
ground level and was within 50 m of the study site. Minute and hourly readings were recorded on
a CR1000 datalogger (Campbell Scientific). The hourly measurements from the weather station
included: total solar radiation (W m-2), diffuse solar radiation (W m-2), mean air temperature (°C),
minimum air temperature (°C), maximum air temperature (°C), average wind speed (m s-1), air
pressure (mbar), and relative humidity (%). The average wind speed at 13.5 m was converted to
average wind speed at 2 m using one of the supplementary equations in Table 4.1.
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4.2.3 Lysimeter Water Balance
ET was measured using a lysimeter installed at the University of Guelph in Guelph, Ontario. A
detailed summary of the initial lysimeter installation and instrumentation can be found in Denich
and Bradford (2010), with subsequent rehabilitation work described in chapter 3 of this thesis. The
lysimeter is located on the north-east side of the Thornbrough building at the University of Guelph
(43.5308, -80.2237) at an elevation of 336 m above sea level. It is located in a grassy area about
10 m from a 2-storey building and 10 m from a driveway and parking lot.
The lysimeter consists of a concrete foundation at 1.25 m below surface; an exterior steel housing
to protect the inner components of the lysimeter; the load-cell platform (Gamma Scale, 2500 kg
capacity, stainless steel); a medium density polyethylene (MDPE) pallet tank (Diverse Plastics
Group Inc., Part No. SP0300-PP) which contains the bioretention growing media; and a 40 L
effluent collection tank. Effluent flowed from the inner pallet tank through a 50-mm ABS pipe
into the effluent tank. The effluent tank consisted of a 50-cm length of 300-mm gasketed PVC pipe
with caps on both ends. The load platform was connected to a CR1000 (Campbell Scientific) data
logger, and was powered by a BP26 12V battery, replaced on December 26, 2018 by an OverDrive
AGM 31 12V battery connected to a 50 W solar panel (PowerUp, BSP20-12).
ET was calculated using a mass balance from the rain gauge precipitation (P), outflow volume in
the effluent tank (O), and change in storage (ΔS) as indicated by the change in lysimeter weight
(Equation 3.1):
Equation 4.1: AET = P – O – ΔS
Daily, monthly, seasonal, and annual ET were calculated for each lysimeter. Meteorological
seasons were used, where summer is June 1 – August 31, autumn is September 1 – November 30,
winter is December 1 – February 28, and spring is March 1 – May 31.
Technical issues with the weather station meant that no weather data were recorded from March
10-27, 2019; in addition, solar radiation was unavailable from March 2-29, 2019, and temperature
and relative humidity (RH) were unavailable from March 28-April 2, 2019. Temperature and RH
were obtained during this period from the Environment Canada weather station at the Turfgrass
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Institute, located within 2 km of the study site. No nearby site measures solar radiation, so the
Penman-Monteith and Priestley-Taylor calculations were not possible during the time period
without solar radiation data.
4.2.4 Statistical Analysis
ET results from the lysimeter were compared to the results calculated by the six equations
presented in Table 4.1. A paired analysis was conducted for the lysimeter and each of the six
equations. Data sets were tested for normality using the Shapiro-Wilk test and for homogeneity of
variance using Levene’s test. A paired-samples sign test was performed to compare the lysimeter
results to the theoretical results since these assumptions failed.
4.2.5 Data Cleaning
All ET results for a specific day were removed from the analysis if one of the following conditions
was met, to allow a pairwise comparison between the lysimeter and predictive equations:
•

Days when lysimeter ET rate was less than -2 mm/d, as this likely indicates excessive
error;

•

Days with more than 10 mm of precipitation, as the lysimeter water balance occasionally
generated unreasonable ET rates;

•

Days when missing meteorological data prevented the calculation of one or more
predictive equations; or

•

Days when no lysimeter ET rate was available.

4.3 Results and Discussion
4.3.1 Density Distribution
Seasonal density distributions of daily ET were analysed and are shown in Figure 4.1. The
distributions of the lysimeter ET rates do not match those of most of the predictive equations. This
is particularly evident in autumn 2018, where the predictive equations generated a bimodal
distribution, but the lysimeter showed a unimodal distribution. Since all of the equations rely on
temperature, the hot month of September likely resulted in the second mode at a higher ET rate
62

than the primary mode which was more prevalent in October and November. The Jensen-Haise
equation generated a very different distribution in Winter 2018-19 that did not match any of the
other distributions. The negative ET rates that create the two smaller modes were calculated on
several very cold days in January when the mean air temperature was below -10°C. Most studies
have only investigated the performance of these equations in warm months (eg. Barnett et al.
1998; Liu et al. 2017; Rosenberry et al. 2004); however, one study that did investigate winter ET
in a semi-arid climate did not find negative rates in the winter for any of the 12 equations analyzed,
despite air temperatures dropping below -30°C (Tabari et al. 2012).
4.3.2 Seasonal and Monthly Medians
Comparing the seasonal medians for the lysimeter and the predictive equations shows that there
are significant differences between the lysimeter and various of the equations (Figure 4.2). For
summer 2018, all six equations resulted in significantly different ET when compared to the
lysimeter ET. This was likely due to the age of the plants in the lysimeter, which had only been
planted for a few months and had not yet developed significant rooting or leafing systems. The
equations all predicted a greater decrease in ET from summer to autumn than what was found for
the lysimeter ET. In autumn, although the medians from the Hamon and Hargreaves equations
were closest to the lysimeter median, these were still found to be significantly different (p < 0.05),
whereas the Jensen-Haise median was not found to be significantly different. In winter 2018-19,
there was no significant difference between the Hargreaves or Jensen-Haise and the lysimeter
medians.
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Figure 4.1: Seasonal density distribution of daily ET estimated by lysimeter and six
equations
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Figure 4.2: Seasonal medians (asterisk indicates significant difference with lysimeter, p <
0.05)
The lysimeter is located in a shady location, in close proximity to a 2-storey building. This location
violates many assumptions of the predictive equations, which generally assume open conditions
with full sun and no windbreaks. A microclimate factor can be applied to the predictive equations
to account for variations in these assumptions. A ‘low’ microclimate factor of 0.5 is applicable to
protected environments which have shade, limited wind, and are located away from hot, dry
surfaces (Jensen and Allen 2016). Figure 4.3 illustrates the impact of the microclimate factor on
the predicted ET rates and their comparison to the lysimeter ET. This factor generally improves
the performance of all equations. Hamon ET was only significantly different from the lysimeter
ET in summer 2019, when it underestimated ET. The Hargreaves ET was not significantly
different from the lysimeter ET for summer 2018, autumn 2018, and winter 2018-2019. JensenHaise ET is not significantly different for autumn 2018, winter 2018-2019, and spring 2019.
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Figure 4.3: Median daily ET by season using microclimate factor (Kmc = 0.5) for protected
environment (asterisk indicates significant difference with lysimeter, p < 0.05)

A monthly breakdown of median ET rates (Figure 4.4 and Figure 4.5) illustrates additional
variability. In 2018, lysimeter median ET rates were fairly consistent from July through October,
and actually increased in October compared to September, whereas the predicted ET rates all
declined substantially between September and October. Since the lysimeter is near a Kentucky
coffee tree, the loss of the tree leaves in October exposed it to more sun, likely increasing the ET
rate. As the plants began to enter senescence, it is likely that evaporation began to play a more
significant role than transpiration, and the additional sun resulted in greater evaporation. The
Hamon equation continued to perform well, with the predicted ET only significantly different from
the lysimeter ET in October 2018 and August and September 2019. The Hargreaves equation also
performed well, with significant differences present in July and October 2018, and May and
September 2019. The Jensen-Haise equation did not perform well during the summer and fall of
2018, but from November 2018 to July 2019 and September 2019 did not significantly differ from
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the lysimeter. The higher ET due to the maturation of the lysimeter plants more closely matched
the Jensen-Haise equation than the younger plants did in 2018.

Figure 4.4: Median daily ET by month (2018) using microclimate factor (Kmc = 0.5) for
protected environment (asterisk indicates significant difference with lysimeter, p < 0.05)
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Figure 4.5: Median daily ET by month (2019) using microclimate factor (Kmc = 0.5) for
protected environment (asterisk indicates significant difference with lysimeter, p < 0.05)
4.3.3 Thornthwaite Method
The Thornthwaite method only generates monthly ET rates, which must then be divided by the
days in the month to obtain a daily ET estimate. The Thornthwaite method estimates the actual ET
(AET), not PET or RET, so it can be directly compared to the lysimeter ET. Figure 4.6 compares
the ET calculated by the Thornthwaite equation with that measured by the lysimeter. With the
exceptions of late fall and winter (October 2018 – March 2019), the Thornthwaite method
overestimated ET. This overestimate was greatest in May 2019 which had warm temperatures and
a very high precipitation (131.8 mm), so the calculated AET was equal to the PET. Although the
Thornthwaite method accounts for soil moisture in estimating AET from PET, it still doesn’t
account for the effects of microclimates, such as the shading that impacted the lysimeter. Applying
the Kc factor for a protected area as described above would reduce the Thornthwaite ET
substantially below the lysimeter ET. Excluding the winter months when Thornthwaite assumes
zero ET, the Thornthwaite estimates average 1.3 times greater than the lysimeter ET.
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Figure 4.6: Thornthwaite ET compared with lysimeter ET
4.3.4 Summary Statistics
The daily lysimeter ET was compared with the ET estimated by the Hamon, Hargreaves, JensenHaise, Penman-Monteith (alfalfa and grass), and Priestley-Taylor equations. The monthly
lysimeter ET was compared with the monthly Thornthwaite ET. These comparisons were analysed
using the Nash-Sutcliffe efficiency (NSE), coefficient of determination (R2), standard error of
estimate (SEE), and root mean square error (RMSE) and are reported in Table 4.3. The NSE is
deemed acceptable between 0.0 and 1.0; values from 0.75-1.0 are very good, 0.65-0.75 are good,
and 0.5-0.65 are satisfactory (Moriasi et al. 2007). R2 values greater than 0.5 are deemed acceptable
(Moriasi et al. 2007). Among the equations that calculated daily ET, Jensen-Haise performed best
based on R2, NSE and RMSE; and Hamon performed best based on SEE. From these statistics, the
Jensen-Haise equation appeared to perform the best, although the NSE was below 0.5, the
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threshold for satisfactory, and the R2 was only marginally greater than 0.5. Thornthwaite
performed poorly by the NSE metric but had a high R2 value.
Table 4.3: Summary statistics comparing lysimeter and predicted ET (microclimate factor
of Kmc = 0.5 applied for protected environment)
NSE

R2

SEE

RMSE

1

1

0

0

Hamon

0.417

0.471

0.618

1.048

Hargreaves

0.433

0.457

0.645

1.034

Jensen-Haise

0.450

0.524

0.945

1.018

Penman-Monteith (alfalfa)

0.016

0.496

1.067

1.361

Penman-Monteith (grass)

0.154

0.500

1.021

1.263

Priestley-Taylor

-0.705

0.500

1.293

1.792

Thornthwaite

-0.178

0.762

0.857

1.005

Perfect Score

Daily

Monthly

From visual observations of Figure 4.7 and Figure 4.8 which compare the daily ET measured by
the lysimeter with the top three performing equations (Hamon, Hargreaves, and Jensen-Haise), the
lysimeter ET is peakier than the other equations. This is likely due to the influence of rain events
which replenish the soil moisture availability, a factor that isn’t taken into consideration by the
predictive equations. All three equations perform better from spring to fall 2019 than fall 2018 to
winter 2019. The Jensen-Haise ET is best able to achieve some of this peakiness, as can be
observed in early June, late August, and September 2019. The Hamon and Hargreaves equations
exhibit much less variability from day to day, which was not observed by the lysimeter.
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Figure 4.7: Daily ET fluctuations (September 2018 – January 2019)
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Figure 4.8: Daily ET fluctuations (April – September 2019)

Two time periods have been highlighted in Figure 4.9 where the Jensen-Haise equation performed
particularly well. In Figure 4.9a, 23 mm of rain fell on June 5 and an additional 20.4 on June 13,
indicating that moisture was generally not limiting during this time period. The mean air
temperature was 17.0°C with 334.4 W/m2 solar radiation. These values are fairly typical and would
not explain why there was such good fit between the lysimeter and Jensen-Haise. The Kentucky
coffee-tree leafed during this time period, with good leafing by June 12. In contrast, Figure 4.9b
was from August 20-September 11, 2019 the mean air temperature was 18.0°C with 311 W/ m2
solar radiation, although the lysimeter was in full shade during the morning. Several smaller rain
events occurred on August 21, 27, and September 4, but these ranged from 6.8-11.8 mm. During
July and early August, the fit between the lysimeter and Jensen-Haise ET rates was poor, with
higher mean temperatures and solar radiation and less precipitation. These more extreme
conditions may have contributed to the poorer fit.

Figure 4.9: Daily ET fluctuations (a) May 31-June 20, 2019; (b) Aug. 20-Sept. 11, 2019

Previous studies have used Blaney-Criddle, Slayter-McIlroy, Priestley-Taylor, Penman, PenmanMonteith, and Hamon equations to estimate bioretention ET (Hess et al. 2017, 2019; Hickman et
al. 2010; Johnston 2011; Nocco et al. 2016; Virahsawmy 2016; Wadzuk et al. 2015). Findings
included good performance by the Penman-Monteith and Hargreaves equations when factors for
soil moisture and/or vegetation were applied (eg. Hess et al. 2019; Virahsawmy 2016), while others
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found poor performance by predictive equations if no corrective factors were applied (eg. Nocco
et al. 2016; Wadzuk et al. 2015). No studies are known to have investigated the Jensen-Haise or
Thornthwaite equations in bioretention areas, while Hamon has only been studied once by Nocco
et al. (2016).
The Penman-Monteith equation was found to perform well by several previous studies, which
contrasts with the findings of this study. Penman-Monteith and Priestley-Taylor performed poorly
based on the statistics presented in Table 4.3 and by comparing median ET rates as discussed in
Section 4.3.2. This may be because both of these equations require many climate variables which
were obtained from a weather station located on the roof of a two-storey building, and the
conditions there did not represent those at the lysimeter. This would be especially true for solar
radiation and wind speed, despite converting wind speed from an elevation of 13.5 m to 2 m above
ground, although relative humidity may also be impacted. The weather station was not moved to
obtain more representative data, because this would not be feasible in a real world situation. In
southern Ontario, those who design bioretention systems would obtain climate data from
Environment and Climate Change Canada, the local municipality, or the conservation authority.
All of these weather stations would follow strict guidelines regarding their location, which would
include full sun and wind. Therefore, while the performance of the predictive equations may have
been better if the weather station had been adjacent to the lysimeter, the results would be less
applicable to practitioners deciding which equation to use to estimate ET.
4.3.5 SWMM Hargreaves Results
The average daily AET estimated by EPA SWMM using the Hargreaves equations is shown in
Figure 4.10. The predicted AET was found to be significantly different from the lysimeter ET in
October 2018, April – July and September 2019. Comparing the daily ET rates from the lysimeter
and SWMM, the NSE is 0.135, the R2 is 0.352, and the RMSE is 1.293.
SWMM estimates evapotranspiration from the surface and soil layers of the bioretention cell and
takes soil moisture into account (Rossman and Huber 2016). Similar to the Thornthwaite method,
shading factors are not accounted for. No significant difference was found between the lysimeter
ET and the SWMM AET from November 2018 to March 2019, months when the lysimeter was
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not shaded. Significant differences were found from April – June 2019, months where the
lysimeter was not shaded, or only partly shaded and the lysimeter plants had not reached maturity.
Over the entire study period, the SWMM AET was, on average, 1.27 times greater than the
lysimeter ET. During the months with significant differences, the SWMM AET averaged 1.61
times greater than the lysimeter ET.

Figure 4.10: Lysimeter ET compared with Hargreaves ET estimated from SWMM
(asterisk indicates significant difference with lysimeter, p < 0.05)
Applying coefficients to the AET outputs from SWMM was not found to improve the comparison
with the lysimeter ET. Using only the protected kc = 0.5 as described in Section 4.3.2
underestimated ET throughout the year. When combined with vegetative factors of 0.3 applied to
early growth, 1.2 to maturity, and 0.3 after leaf fall (Jensen and Allen 2016) the performance is
still poor. It is therefore evident that these referenced coefficients are not valid when combined
with the modelling processes used by SWMM.
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Applying coefficients within SWMM may work better than applying them after the model is run.
However, although coefficient modifications can be applied to ET from an aquifer by using the
Time Pattern editor, these modifications cannot be applied to ET from bioretention systems.
There has been limited research validating the AET estimated by SWMM. One study integrated
the Penman-Monteith equation into SWMM, instead of using the built-in Hargreaves equation to
estimate bioretention ET (Feng and Burian 2016). The AET from the modified SWMM was
compared to ET measured by a LI-6400 Portable Photosynthesis System, and the comparison was
found to have an R2 value of 0.57 (Feng and Burian 2016). Another study investigated the
performance of green roofs, but the users input monthly PET values estimated by the Thornthwaite
method, and found the NSE ranged from 0.550-0.948 when comparing actual and modelled runoff
rates (Peng and Stovin 2017). Both of these studies found that SWMM was able to reasonably
estimate AET, but neither used the Hargreaves equation supplied by SWMM. A third study did
use the SWMM Hargreaves module to investigate green roof performance, finding that SWMM
underestimated runoff, and attributing this to an over-estimate of AET during inter-event dry
periods (Worthen and Davidson 2018). This over-estimate matches the results found above, which
would model lower run-off and/or higher infiltration rates if these bioretention parameters were
included in a large-scale model.
4.3.6 Microclimate Coefficient
The application of the microclimate coefficient (kmc = 0.5) was able to improve the performance
of five of the six predictive equations, including Hamon, Hargreaves, Jensen-Haise, PenmanMonteith, and Priestley-Taylor, although Penman-Monteith and Priestley-Taylor still performed
poorly. Because the lysimeter was only partly shaded, it did receive full sun during the afternoon,
so did not meet the full set of assumptions for use of the protected microclimate coefficient. It is
therefore possible that the microclimate coefficient was actually accounting for the protected
microclimate as well as the lower soil moisture that occurred between rain events. Because all of
these equations assume a well-watered environment, any reductions in soil moisture require
correction to convert PET or RET to AET. This hypothesis is supported by the performance of the
Thornthwaite and SWMM Hargreaves methods. The application of the microclimate coefficient
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reduced these results below those of the lysimeter, likely because these methods took the soil
moisture into account. The AET predicted by Thornthwaite was 1.3 times greater than the
lysimeter, while SWMM predicted an AET 1.27 times greater than the lysimeter. The similarity
of these results indicates that a microclimate coefficient of 0.78 might be more appropriate for the
lysimeter, as a water stress coefficient and plant growth coefficient could also be applied.

4.4 Conclusions and Recommendations
The results from a lysimeter study of ET rates from bioretention areas were compared to the results
from six ET prediction equations, and the Jensen-Haise equation was found to perform best, as
long as a microclimate coefficient of 0.5 was applied to take into consideration the protected
environment of the lysimeter. As the lysimeter was in a location with morning and evening
shading, and experienced dry periods in between rain events, the assumptions of the predictive
equations were not valid, making it necessary to apply a factor to convert PET or RET to AET.
The bioretention module in SWMM was not found to be effective at estimating ET from the
lysimeter, and it was not possible to apply coefficients within SWMM to alter the bioretention ET
rates during the modelling process. Post hoc application of the microclimate coefficient of 0.5 did
not improve the ET estimation from SWMM, however applying coefficients after the modelling
is complete is not recommended, as it will not impact the infiltration and runoff rates.
Future research should continue as the plants in the lysimeter continue to mature, as the expanding
root system will change the ET rates. This could help determine how long maturation takes and
then calculate appropriate coefficients to apply to maturing systems. Since the microclimate is a
significant factor impacting ET, additional study sites should be installed in other microclimates,
such as full sun, to determine which equation performs best in those circumstances, and what
coefficients may need to be applied to most accurately estimate ET. This research could also
further distinguish between the microclimate factor and the water stress factor.
Future research should also include additional work to improve the performance of SWMM at
estimating ET from bioretention facilities. This study just used standard literature values for all
bioretention parameters, but calibration may adjust these values and improve SWMM’s ability to
estimate ET. SWMM can also receive input ET rates from a climate file. Future research should
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include investigating the other ET equations studied to determine how well SWMM can estimate
AET from these PET/RET values. Modifications to the SWMM code should be made to allow for
the Time Pattern for ET be applied to bioretention systems.
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5 Conclusions and Recommendations
A lysimeter was designed to replicate a typical bioretention system based on Ontario guidance.
Although the lysimeter was initially installed in 2007, it was retrofit in 2018 to replace equipment
and update the bioretention media to meet current standards. The lysimeter is located at the
University of Guelph, in Guelph, Ontario, and is located within 5 metres of a Kentucky coffee tree,
10 metres of a 2-storey building, and 10 metres from a parking lot. ET rates were calculated from
the lysimeter from September 1, 2018 to September 30, 2019, with the exception of February and
half of March, due to technical difficulties. The results from the lysimeter were compared to the
results of six ET predictive equations that are typically used in Ontario, including the Hamon,
Hargreaves-Samani, Jensen-Haise, Penman-Monteith, Priestley-Taylor, and Thornthwaite. Key
conclusions from the study are summarized below.

5.1 Conclusions
Evapotranspiration
•

The average annual ET calculated from the lysimeter from October 1, 2018 to September
30, 2019 was 1.30 mm/d. Average monthly ET rates ranged from -0.009 to 2.90 mm/d.
Over 95% of the daily ET values were below 3.5 mm/d, although the maximum daily ET
was found to be 5.6 mm/d.

•

ET does occur during the winter months, although it is significantly lower than during the
rest of the year. The average winter ET was 0.02 mm/d, although this only includes
December and January data.

•

The climate and microclimate are significant factors that influence ET. The lysimeter was
shaded for most of the morning when the tree had leaves and was always shaded in the
evening due to the building proximity. The ET rates estimated by this study were lower
than those of most other studies around the world which typically had warmer climates and
unshaded study sites.
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•

The Jensen-Haise equation was best able to estimate ET from the lysimeter, once a
microclimate coefficient of 0.5 was applied to take into consideration the protected
environment of the lysimeter.

•

Despite using more climate variables, the Penman-Monteith and Priestley-Taylor equations
performed the poorest at estimating bioretention ET, even with the application of the
microclimate coefficient.

•

The microclimate coefficient likely took into account both the microclimate and soil
moisture, as the lysimeter did receive full afternoon sun.

•

As ET was measured during winter months when the average temperature was below
freezing, the Thornthwaite method is not a good option during these months as it assumes
no ET during these conditions.

•

SWMM was not well able to estimate ET from a modelled bioretention cell with
parameters set to match the lysimeter. The post hoc application of microclimate and plant
growth coefficients to the ET outputs were not able to improve the results. The application
of these coefficients within the model may be more effective, but this isn’t possible within
the LID editor.

Soil Water Trends
•

Effluent was produced from the lysimeter throughout the year, indicating that the water
content of the deeper soil never dropped below the field capacity. This may change as the
plants continue to mature and the roots spread deeper.

•

Lag times indicated that water flowed through the bioretention media at a similar rate in
the summer and winter, despite the presence of frost in the soil. Only 4 of 32 rain or melt
events during the winter had a slower flow, likely due to the formation of concrete frost.

5.2 Recommendations for Future Research
This research highlighted a number of opportunities for future research, including:
•

Longer-term monitoring of the lysimeter should be conducted to estimate bioretention ET
as the plants continue to mature.
80

•

Additional lysimeters should be installed in southern Ontario in different microclimates to
further identify how microclimates impact ET.

•

Construct additional lysimeters that extend deeper to allow for the installation of native
soil beneath the bioretention media within the lysimeter tank. This will allow for further
assessment of unlined bioretention facilities, as the lysimeter in the present study acted
more like a lined bioretention facility.

•

Continue to compare the ET estimates from the six prediction equations to the ET rates
generated from the lysimeter as it matures and from other lysimeters in different
microclimates. This will help to refine the applicability of these equations and can help to
develop the appropriate coefficients for converting PET or RET to AET at different plant
maturity stages, soil moisture levels, and in different microclimates within southern
Ontario.

•

Additional work with SWMM should be conducted to try and improve its performance at
estimating ET from bioretention facilities. This can include modifying bioretention input
parameters to try and improve the calibration of ET rates; the use of ET rates from a climate
input file so as not to rely on the built-in Hargreaves equation; and modifying the SWMM
code to allow for the ET Time Pattern to be applied to bioretention systems.

•

Further experimentation should be conducted to determine whether it is possible to use soil
moisture data to predict ET despite the presence of deep drainage through the effluent tank.
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