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Quantifying Evapotranspiration from a Green Roof Analytically
By: Dominik Schneider (M.S., Civil Engineering)
Villanova University, 2011

ABSTRACT:

Green roofs are a common stormwater control measure used to help mitigate increased stormwa-
ter runoff caused by urbanization. Green roofs can retain upwards of 90% of rain given the appro-
priate conditions. Green roof design parameters, such as substrate composition and depth and
plant type, affect the retention capabilities of green roofs by storing and allowing greater extraction
of water by plants for evapotranspiration (ET). Evapotranspiration has been studied extensively in
agriculture to be able to estimate irrigation demands, but ET in stormwater management infrastruc-
ture is poorly understood. Measurements from a weighing lysimeter consisting of a 10.2 cm deep,
45.7cm x 45.7 cm green roof replica on 3 Sentran load cells, was compared with results from the
standardized reference Penman-Monteith equation to obtain crop coefficients (k.) for future pre-
dictions of ET from green roofs. The years 2009 and 2010 contained very different weather patterns
with 2009 being wet and mild and 2010 being dry and hot. The weight of the lysimeter was used
to estimate the soil moisture content and determine the moisture stress (with stress coefficient, k).
Ascertaining the level of stress quantifies the reduction expected in ET due to water shortage and
proved to be critical to obtaining reasonable crop coefficient values. The average stress in 2009 was
1.0 with monthly crop coefficients ranging from 1.0 to 1.4; in 2010, the average stress coefficients
were between 0.6 and 0.7 and dropped as low as 0.2 with estimated monthly crop coefficients rang-
ing from 1.5 and 1.7. The high water stress levels present in 2010 made it difficult to separate k.
from k;, but use of the 2009 crop coefficients in 2010 with estimated stress levels did not produce
viable results, indicating that k; may not be sufficient in representing severe stress conditions. Al-
though the model ET¢ ,q; in 2010 still compared well against the measured ET, ETj,, it is believed
that better results could be obtained using a dual-crop coefficient approach, where transpiration
and evaporation are modeled individually, and results moer similar to those from 2009 would be
obtained. The work presented is a preliminary attempt at establishing k. values for use in future

design work, and while still in need of validation, could prove useful for rough estimates of ET.
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Chapter 1

Introduction

Urbanization has drastically increased the amount of impervious surface and, consequently,
changed the hydrology of the earth. The hydrologic cycle affects from where and how much water
is available to society, as water is constantly cycling through the atmosphere. Precipitation becomes
surface and ground water before it is evaporated into the atmosphere only to be precipitated again.
A portion of the precipitation is absorbed and transpired by plants as they collect carbon dioxide
to perform photosynthesis . The evaporation of water from the plant surface and soil together with
the transpiration of water through the stomata of the plants is known as evapotranspiration (ET).
The goal of this research is to gain a better quantitative understanding of the evapotranspiration
process, specifically as it pertains to stormwater management in the urban setting.

1.1 Stormwater Management

Stormwater management uses a combination of structural and non-structural elements called
Best Management Practices (BMPs) or Stormwater Control Measures (SCMs) to mitigate stormwa-
ter effects. The most recent BMPs target water quality and water quantity issues associated with
increased development that causes rain to run off into streams often collecting pollutants along the
way. Stormwater runoff is detrimental to the ecosystem when it changes the environment, such as
temperature, pH, and sediment loading. Wildlife is acclimatized to its surrounding environment
and significant changes to, for example, stream geometry and chemistry will disturb the habitat
and disrupt the natural ecosystem. In order to reduce the impact that storm runoff can have, BMPs
have been implemented in land development projects. Best Management Practices are designed
to naturally treat rain water for both water quality and quantity before it turns into ground and
surface water. Volume and peak flow reductions occur by infiltration and evapotranspiration in
systems such as green roofs, rain gardens, and pervious pavement.

A new trend in urban areas with combined sewers is to charge property owners for stormwa-
ter runoff since the city is required to treat it once it is in the stormwater system. However, current
BMP regulations were created without a good quantitative understanding of the water processes
present and the volume capacity of BMPs in the Pennsylvania BMP Manual is highly dependent
on infiltration capacity (PADEP 2006), which is difficult to achieve in urban environments. Evap-
otranspiration is considered significant for large time scales (months/years), but its influence at
smaller scales (days/weeks) for stormwater BMP applications is still being quantified. The BMP of
focus for this research is a green roof on Villanova University’s campus that is instrumented with a
weighing lysimeter and weather station for measurement and estimation of ET, respectively. Ulti-



mately, it is hoped that this research will lead to improved urban stormwater management designs
based on better quantification of ET.

1.2  Evapotranspiration

Evapotranspiration (ET) is the process by which water transpires from the leaves of plants
and evaporates from the surface of plants and the soil. It is a process driven by energy, specifically
solar radiation. As such, an energy balance equation can be associated with the water balance
involved in the hydrologic cycle. The net radiation from the sun can be equated to the vertical heat
flux in the soil (soil heat flux), the vertical heat flux from the ground to the atmosphere (sensible
heat flux), and lastly the energy used in the evapotranspiration process (latent heat flux). The
horizontal transfer of energy is generally ignored (Teixeira 2008).

The rate of ET varies widely based on land cover (Vorosmarty et al. 1998; Lu et al. 2005).
Potential ET is often estimated instead of actual ET for use in hydrologic models because it is easier
to estimate since it is based only on climate and vegetation type. Actual ET also depends on soil
characteristics and moisture content and vegetation maturity (Douglas et al. 2009). Large complex
areas with a range of land types, such as urbanized and mountainous, are more difficult to obtain
accurate ET estimates. Urban and mountainous areas both have high spatial variability and dis-
tinct areas of impervious and pervious surfaces. Solar radiation cannot be assumed to affect the
land uniformly due to large terrain shadow effects and, in urban areas, the heat island effect may
further complicate estimating ET (Mészaro$ and Miklanek 2009; Denich and Bradford 2010). Of
note, Denich and Bradford (2010) hope to improve regional and SCM ET estimates in urban areas
by installing a system of weighing lysimeters and eddy correlation systems throughout Ontario
and incorporating the variability in hydrologic models. Vegetation type also has significant influ-
ence on ET as is evident by the various vegetation parameters in the physical Penman-Monteith
model and numerous land studies that have been performed (e.g. Zhang and Ross 2010; Mészaros
and Miklanek 2009; Douglas et al. 2009; Verstraeten et al. 2008).

Quantifying ET has been a goal for years, specifically in agriculture because a better esti-
mation of ET allows for better estimation of irrigation demands. Although over-irrigation will
increase productivity if there is adequate sunshine, it can lead to water quality problems in areas
where water is in short supply. In addition, water is costly and the marginal benefit of irrigation
decreases after an optimum level (Teixeira 2008). The rigor used in calculating ET is often limited
by the data available and the degree of accuracy required for the application. Analytical equations
which model the physical process of ET, such as the Penman and Penman-Monteith equation, give
superior point results over simpler empirical equations based on temperature (e.g. Thornwaite
and Blaney-Criddle) and solar radiation (e.g. Priestly-Taylor and Makkink) when compared with
lysimeter measurements (Kumar et al. 1987; Allen et al. 1998; Xu and Chen 2005). Both analyti-
cal and empirical equations assume sufficient water for ET to occur uninhibited and the empirical
equations tend to over predict ET in humid climates (lower than expected vapor pressure gradient)
and under predict ET in dry climates (higher than expected vapor pressure gradient) (Allen et al.
1998). Many of the studies evaluating the different methods compared results from small areas
on which lysimeter or other actual ET data is available. However, on the larger watershed-scale,
rainfall-runoff models have produced similarly accurate potential ET estimates using temperature-
based equations when compared with a watershed balance (Oudin et al. 2005; Vorésmarty et al.



1998).

Each method considers slightly different meteorological variables and places different weight
on each variable. The empirical equations based on temperature use a combination of average,
minimum, and maximum daily temperature. Radiation based equations generally use incoming
radiation (as opposed to net radiation) and both types of empirical equations also may use relative
humidity, wind speed, and hours of daylight (Lu et al. 2005). Due to the empirical nature of these
equations and natural variability of climatic conditions, local calibration is often required for ac-
curate results and temperature based equations are often favored because of the readily available
data worldwide. That said, these empirical equations produce different results at different scales
(Lu et al. 2005) and are generally not recommended for large-scale hydrologic models although
some success has been had (Allen et al. 1998; Douglas et al. 2009).

The analytical equations, of which the first widely accepted form was published in Penman
(1948), are a combination of the mass transfer of heat and water vapor at the land-air interface and
the energy balance of the atmosphere. The vapor pressure gradient is the driving factor behind the
rate of ET and is usually estimated through measurements of the temperature and relative humidity
(Allen et al. 1998). The Penman-Monteith equation (Monteith 1965) is an adjustment to the Penman
equation that includes parameters that model specific plant characteristics. The disadvantage of
the Penman and Penman-Monteith equations are the intensive data requirements and, in the case
of the Penman-Montieth equation, the requirement for specific resistance parameters that change
not only by plant but also time of year and time of day (Allen et al. 2000). To simplify the use of the
Penman-Monteith equation, ET from a reference surface, or reference ET, is commonly used with
predefined resistance parameters. Evapotranspiration for specific crops are estimated through a
single coefficient (Jensen et al. 1990; Allen et al. 1998; Allen et al. 2000).

1.3 FAO56 Standardized

Much emphasis has been placed in the last 25 years on establishing a standard equation with
which farmers, engineers, and scientists can accurately predict ET (Allen et al. 1998). The United
Nations Food and Agriculture Organization (FAO) Irrigation and Drainage Paper No. 24 (FAO24)
was published in 1977 (Doorenbos and Pruitt 1977) and presented four methods with which to
calculate reference crop ET (ET,). The methods were to be used for 10-day or one-month periods
and varied in requirements as they meant to meet the needs of all potential users; a modified
Penman equation and the Blaney-Criddle methods were among the suggested methods (Allen et
al. 1998). An update to FAO24 came in 1998 in FAO56 in which a standardized reference Penman-
Monteith equation (FAO56PM) was recommended as the sole method for estimating reference ET
daily (ET,). The reference ET calculated is the potential ET expected from a reference crop of a short
turf grass assuming sufficient water (Allen et al. 1998).

The standardized equation aims to simplify the ET calculation by reducing the variables
to two encompassing coefficients, one for specific crop characteristics and one for environmental
stress conditions. The agricultural sector has developed these coefficients for a variety of crops,
but little information is available for stormwater control measures. The standardized Penman-
Monteith equations follow several assumptions that make them less applicable to stormwater con-
trol measures, such as green roofs and bioinfiltration rain gardens. For example, the Penman-
Monteith equation assumes an expansive field of crops (at least 50 m in each direction) in which



case the lateral energy losses can be ignored. Stormwater control measures are generally small ar-
eas that collect rain runoff from a larger, urban area. Consequently, the lateral energy losses may
be far more significant than for an expansive field. The assumption of a uniform crop is also often
violated in a BMP. Green roofs are often designed with multiple species of Sedums and rain gardens
have a variety of plant species. Further, unlike agricultural fields, BMPs are not planted in such a
way to ensure full ground coverage, another assumption of the Penman-Monteith equation. Best
Management Practices are also not irrigated during drought periods, which can cause plants to wilt
and die and soil to be exposed.

14 ASCE Standardized

The American Society of Civil Engineers (ASCE) also published a standardized reference
equation but recognized two reference surfaces for monthly, daily and hourly timesteps: grass and
alfalfa. One of the goals of the ASCE was to establish a single equation that produces consistent
estimates of ET (ET,.) for both agricultural and landscape needs while using the existing database
of crop coefficients. ASCE accomplished this task by publishing an equation with a table of co-
efficients to be used for the appropriate reference surface and timestep (Allen et al. 2000). Both
the FAO56PM and the ASCE Standardized PM are based on the ASCE-PM equation published by
ASCE in 1990 (Jensen et al. 1990) but adjusted for a reference surface.

1.5  Research Objectives

The goal of this research is to examine the standardized FAO56 and standardized ASCE
short reference Penman-Monteith equation for quantifying ET on a green roof at daily timesteps
and compare it to direct measurements of ET from an on-site weighing lysimeter. A soil retention
curve was created and used in conjunction with known soil moisture conditions to relate the rate
of ET and the ability of the green roof to experience ET based on weather patterns.



Chapter -

Literature Review

2.1 Green Roofs

Green roofs of different types have existed for centuries, but have only recently been evalu-
ated for their benefits over more traditional grey roofs. The benefits of green roofs include stormwa-
ter volume and peak flow reduction, but also energy savings and air quality improvement (Mentens
et al. 2006; Oberndorfer et al. 2007; Spolek 2008; Voyde et al. 2008). Urbanization has rapidly in-
creased in major cities, and with it, a growth in impervious surfaces. The urban heat island effect is
a direct result of heat being absorbed by impervious surfaces and being trapped in cities. Greener,
less urban areas do not have the heat island effect because heat is used in the evapotranspiration
process (Oberndorfer et al. 2007). In addition, stormwater management has become a major issue
in cities, such as Portland and Philadelphia, where combined sewer overflows contaminate natu-
ral water supplies during large rain events (Spolek 2008). Best Management Practices can combat
the urban heat island effect and stormwater overflows, except that BMPs require green space that
may not be available in cities. Green roofs offer an advantage over other BMPs because they use
traditionally impervious surfaces (Oberndorfer et al. 2007). Roof surfaces in cities range from 30%
to 40% of all impervious surfaces, offering a distinct opportunity to convert impervious roofs to
green space without losing functionality (Oberndorfer et al. 2007; Hutchinson et al. 2003). Mod-
els of Toronto, Canada have also indicated that greening 50% of roofs evenly throughout the city
could result in an annual temperature reduction of 2°C (Oberndorfer et al. 2007) and greening 10%
of roofs in Brussels, Belgium could reduce total runoff by almost 3% (Menten et al. 2006). Ad-
ditionally, green roofs are known to mitigate certain pollutants such as acid rain and nitrate, but
the planted systems may yield other contaminants such as phosphorous, potassium, calcium, and
magnesium in the runoff (Berghage et al. 2009). The over-application of fertilizer may also add to
phosphorous and nitrogen in the runoff (Rowe et al. 2006).

Numerous studies have been performed to examine the retention capabilities of green roofs
and a wide range of results have been published. Green roof retention is complicated and a func-
tion of several factors including soil media depth, plant species, and rainfall pattern (Hutchinson
et al. 2003; Moran 2004; Carter and Rasmussen 2006; Martin 2006; Spolek 2008; DiGiovanni et al.
2010). Green roof retention performance is generally given as a percent of total precipitation or
the amount of rain retained, which is eventually lost by evapotranspiration. Storm, monthly, and
yearly retention all vary from each other depending on the location and specific characteristics of
the green roof and climate. Annual retention performance of green roofs has been reported as 16%
to 29% in Vancouver, BC, Canada with substantially worse performance in winter when most of



the years’ rainfall occurs (Roehr and Kong 2010). However, in a similar climatic region in Port-
land, Oregon, average annual retention performance has been reported as 18% and 29% for one
study and 48% for another despite each of the green roofs monitored in Vancouver and Portland
having substrate depths of 4”-5”, which one might expect to strongly influence retention capabil-
ities. Performance was also worse in winter than summer (Spolek 2008; Hutchinson et al. 2003).
Other climatic regions experience different annual stormwater retention; Moran (2004) and Carter
and Rasmussen (2007) reported retention values of 62%, 63%, and 78% for the southeastern United
States, respectively, which is hot and humid in summer and mild in winter. The aforementioned
locations and others also experience differences in monthly retention values, but from which two
inferences can be made: smaller storms (< 2.54 cm) tend to have higher retention rates and the first
1.26 cm of rain is retained upwards of 100% (Spolek 2008; Moran 2004; Carter and Rasmussen 2007;
Simmons et al. 2008; Villarreal and Bengtsson 2005). Based on literature, climate plays a role in
retention performance of a green roof, with special note that areas with high precipitation in winter
perform worse because ET rates are lower and therefore green roof retention recovery is slower as
opposed to summer when retention recovery is quicker. However, climate may not affect green
roof performance in sub-tropical climates, such as in Auckland, NZ where there is low variability
in climate between seasons (Moran 2004; Hutchinson et al. 2003; Voyde et al. 2010a).

The research community has attempted to correlate a number of factors to the stormwater
retention of the green roof. The most obvious factor is precipitation depth, and indeed Carter and
Rasmussen (2007) found this to be the best single predictor of retention. In contrast, Moran (2004)
cites precipitation depth and pattern as strongly influential; infrequent, small storms would un-
doubtedly yield complete precipitation retention, but frequent small storms could also yield high
retention rates while infrequent large storms could yield the opposite (Moran 2004). Berghage et al.
(2007) suggests that optimal performance would be achieved with 12.7 mm (0.5”) wetting events
every 3-5 days. DiGiovanni et al. (2010) similarly was unable to discern a unique relationship
between retention and precipitation depth, but did note 100% retention for storms with an an-
tecedent dry period to precipitation depth ratio of 8 hr/mm; Moran (2004) also found consistently
high retention related to antecedent dry period and precipitation depth. Additional considerations
include storm duration and storm intensity, although differing conclusions have been published
regarding these factors and no specific relationship has been established (Moran 2004; Carter and
Rasmussen 2007; Voyde et al. 2010a; Villarreal and Bengtsson 2005). Ultimately, multiple elements
of the weather patterns affect the retention performance of green roofs and climate will play a large
role in the effectiveness of a green roof. Aside from the precipitation depth and pattern, climate,
such as temperature and relative humidity, affects the storage recovery of a green roof and the
location of the interest may well determine how effective a green roof can be at reducing runoff
volume. Nonetheless, once the green roof design and performance expectations have been estab-
lished, there is evidence to suggest that green roofs will perform similarly from year to year despite
varying precipitation (Liesecke 1999 in Moran 2004; Kohler et al. 2001; Spolek 2008).

2.2 The Effect of Plant and Soil on Green Roof Performance

Traditionally, many studies examine ET as a single process from which heat and water are
transferred away from the surface. The water available for ET is considered in two forms, Total
Available Water (TAW) and Total Evaporable Water (TEW), and is defined by the soil character-



istics as quantified by the field capacity and the wilting point. The field capacity is the moisture
content of soil after it has been gravimetrically drained from saturation and the wilting point is
moisture content at which point plants can no longer extract water. The TAW is water available to
the plants for growth and eventual transpiration and is considered to be the quantity of water be-
tween the field capacity and the wilting point of the soil. The TEW refers to the water available for
evaporation from a bare soil and is the water from the field capacity to one-half the wilting point.
However, full ground cover of a plant implies that the soil beneath the plants is completely shaded
and as such is negligible for the estimation of evaporation. The soil tension, or soil matric potential,
increases as water is depleted and makes it more difficult to extract or evaporate water. The range
from which water extraction by the plant is energy-limited is known as the Readily Available Water
(RAW) and is dependent on the species but is usually between 0.3 and 0.7 of the TAW for shallow-
and deep-rooted plants, respectively (Allen et al. 1998). Data published by Rezaei et al. (2005)
suggests a change in rate of ET after 50%-60% of the total water evapotranspirated, indicating a
threshold soil moisture condition for the 1:1 mixture of Delosperma nubigenum and Sedum album
of about 0.5TAW after which the rate of ET decreases until the wilting point is reached and ET
ceases. Berghage et al. (2009) commented on the same study and reported that average ET rates
decreased substantially after 40% of the water content at field capacity was lost. This is not com-
parable to the percent of TAW without knowing the wilting point. In a greenhouse experiment
in New Zealand, trays of Sedum mexicanum and Disphyma austral showed similar behavior with
severe reduction of ET after about 60% of total water loss (Voyde et al. 2010a). A similar distinction
between energy-limited and moisture-limited moisture content exists with bare substrate and data
from both Rezaei et al. (2005) and Voyde et al. (2010a) indicate a similar threshold of 50%-60% of
TEW for Readily Evaporable Water (REW).

221  Evaporation vs Transpiration

A few studies have directly examined the impact of plants for water retention and evapora-
tion on a green roof compared to bare substrate. Berghage et al. (2007) found 40% better retention in
planted substrate compared to bare substrate and Voyde et al. (2010) found a similar contribution to
ET by transpiration from succulents in a greenhouse experiment. The day of watering initiates the
largest and most similar rates of evaporation and transpiration, but transpiration and evaporation
diverged on days 2-10. The onset of water stress around day 10 caused the plants to decrease tran-
spiration to less than the rate of evaporation of the substrate. Succulents readily transpire available
water and can store up to 1 mm water inside the leaf structure, from which they can use during
drought conditions (Voyde et al. 2010). Other estimates of sedum water detention are as high as 10
mm (Jarrett et al. 2006) and Berghage et al. 2007 reported that Sedum spurium can weigh 1g/cm of
roof surface with 80-90% of the weight being water. The ability for succulents to use water read-
ily when available, but reduce water consumption upon stress conditions, further strengthens the

argument for their advantageous uses on green roofs for increased stormwater retention.

2.2.2 Plants and Green Roofs

The ideal plant for a green roof is one which uses water quickly and in large amounts when

available, but is tolerant to droughts as well. Sedums and other succulents are known to be drought



resistant and it had been hypothesized that they may not be ideally suited for green roof appli-
cations because they are thought to conserve water all the time and provide little improvement
for green roof retention performance compared to bare substrate (Berghage et al. 2007). However,
greenhouse experiments have exhibited substantial contributions to ET with 20%-40% of measured
ET being transpiration from plants such as sedums (Berghage et al. 2007; Voyde et al. 2010). Al-
though Sedums were able to conserve water during drought, they also provided excellent retention
recovery between wetting events (Voyde et al. 2010).

Further, it has been stated that Sedums perform well during droughts due to a Crassulacean
acid metabolism (CAM), which allows them to close their stomata during the day and perform pho-
tosynthesis at night when it is cooler; this reduces the amount of moisture lost to the atmosphere
(Black and Osmond 2003; Chen and Black 1983). Voyde et al. (2010) reported data that corroborates
the belief that sedums close stomata during the day to reduce water consumption, but did not find
increased ET during the nighttime compared to Disphyma species. Berghage et al. (2007) similarly
found the greatest difference in ET between planted and unplanted trays to be in the early after-
noon as opposed to at night for both Sedum and Disphyma species immediately following wetting,
but after 10 days reported insignificant differences in ET.

The emphasis for green roofs has been placed on using succulents, such as sedum species,
for their drought tolerance. However, an ecosystem generally contains multiple types of vegeta-
tion, and consequently, a mixture of herbaceous and succulents has been promoted as possibly
improving green roof health (Dvorak and Volder 2010), and therefore improve green roof reten-
tion performance. Research has shown that succulents can do well in shallow, porous, unirrigated
substrates, but herbaceous plants may need greater substrate depths and /or more irrigation to per-
form similarly (Dvorak and Volder 2010; Monterusso et al. 2005; Thuring et al. 2010). The de-facto
standard for green roofs in the United States is the Forschungsgesellschaft Landschaftsentwicklung
Landschaftsbau e.V. (FLL) Richlinien fiir die Planung, Ausfiihrung and Plege von Dachbegriinung
(Guidelines for Planning, Implementation, and Maintenance of Green Roofs) published in Ger-
many and accepted worldwide as a design standard. The FLL recommends different substrate
depths for different types of plants and different mixes of plants with 10 cm being the shallow end
for mixes with herbaceous and woody species (FLL 2002, Dvorak and Volder 2010). Monterusso et
al. (2005) looked at plant growth and reported substantial death of native species in Michigan on a
green roof once irrigation stopped; however, the substrate depth was only 10 cm and other studies
found non-irrigated native herbaceous plants in northern climates to survive in substrates of 15 cm
or more (Dvorak and Volder 2010). Lundholm et al. (2010) further found that a multicultural green
roof benefited from inter-species relationships and reported increased temperature mitigation and
retention performance using mixed native flora in a substrate only 6 cm deep; the plant species
chosen were native to coastal Nova Scotia, where the plants chosen often endure drought and in-
undation in shallow soil. On the other hand, other studies have shown that sedum species were
outperformed by herbaceous plants in substrates deeper than 10 cm, where conditions favor the
growth of herbaceous species and cause shaded canopy cover to smaller sedum plants (Oberndor-
fer et al. 2007).

Herbaceous species can be especially affected by drought due to their metabolism although
both herbaceous” and succulents” growth rates suffered during a two week drought. All the suc-
culents were more sensitive to a drought immediately after planting instead of after two weeks of



irrigation, likely due to the lack of development of a mature root system or maximum leaf area for
photosynthesis; only Sedum album grown in clay showed particular good ability to recover from a
two week drought (Thuring et al. 2010).

Native flora is generally preferred because they are adapted to local conditions and preserve
the natural biodiversity (Oberndorfer et al. 2007). Furthermore, introducing non-native species,
while beneficial for stormwater retention, may be invasive in a specific area and have detrimental
effects to the ecosystem as a whole (Dvorak and Volder 2010). The individual conditions of a spe-
cific region and green roof may determine whether native species or imported succulents will be

better suited for the environment of the green roof.

2.2.3 Plant Stomatal Resistance and ET, Crop Coefficient k.

Specific plant physiology, combined with climatological factors, is the driving force behind
the rate of ET occurring on a green roof. The crop coefficient k. used in the standardized PM
equations to estimate ET is, among many things, a function of the stomatal resistance, the ability
of the roots to absorb soil moisture, and the leaf coverage and density (Allen et al. 1998). It has
been established that succulents are resistant to drought for their ability to control their stomata
and therefore conserve water. Much of the research surrounding the PM equation has included
quantifying the surface and aerodynamic resistances. Physiology of the plant dictates the stomatal
resistance, r;, and in conjunction with the typical Leaf Area Index (LAI), i.e. leaf area per unit area
of the ground, determines the bulk surface resistance (Allen et al. 1996). However, it should be
noted that r; is also known to change based on water availability and climate. Increased radiation
and increasing vapor pressure deficit both increase stomatal resistance. Decreasing soil moisture
increases stomatal resistance (Allen et al. 1996; Allen et al. 1998). Estimates of r; for CAM plants,
such as sedums, range from 300-2000 s/m compared with C3 metabolism plants, such as corn and
wheat, that range from 130 to 200 s/m (Spalding et al. 1980; Black and Osmond 2003).

Both the FAO and ASCE provide k. values for crops, such as pineapple, that also utilize
CAM, but pineapple and sedums have different physical characteristics and as such may not have
comparable surface and aerodynamic resistances and k. values. Further, it should be noted that the
k. values published in FAO56 are based on average r; values that theoretically vary with each time
step (Allen et al. 1996). For further details see 3.0 Theory and General Methodology.

224  Substrate Depth

Theoretically, root-water uptake is time and space dependent including factors such as soil
property, crop characteristics, soil moisture, and weather conditions. Root systems are complex
and uptake capabilities vary from top to bottom with the maximum occurring at the top near the
surface and the minimum occurring at the bottom of the root (Ojha et al. 2009). Correspondingly,
considerable research has been performed regarding the effect of substrate depth on plant growth
on a green roof (VanWoert et al. 2005a; Thuring et al. 2010; Durham et al. 2007; Getter and Rowe
2007, 2008, 2009). General agreement exists that media depths of 7 cm — 10 cm (3.1 inches - 4
inches) provides significant improvement of plant establishment and growth over time compared
to shallower media depths (Dvorak and Volder 2010; Getter and Rowe 2007, 2008; Thuring et al.
2010). Substrate depth did not influence survival of Sedum plant species when compared to sea-
son of planting (Getter and Rowe 2007) and the difference in plant growth was negligible the first



2 months, but as the roots grow and mature, the deeper substrate depths substantially improved
plant growth. This is perhaps because the deeper substrate is able to store more water that is not ac-
cessed by the plants until the roots are longer, which is important during drought periods (Durham
et al. 2007; VanWoert et al. 2005a). The plant selection will also affect the implications of substrate
depth as succulents, such as stonecrops, will not benefit from depths greater than 10 cm but herba-
ceous plants will (Thuring et al. 2010). Congruently, VanWoert (2005a) found that irrigation could
offset the effects of shallow substrate and Getter and Rowe (2009) found that mean volumetric
moisture content over 48 months corresponded with absolute coverage rates of the plants. Addi-
tionally, colder climates benefit from at least 10 cm (4 inch) substrate to prevent frostbite of the roots
of plants, which hinders water uptake and growth the next year (Dvorak and Volder 2010; Durham
et al. 2007).

There have only been limited studies on the effect of substrate depth on stormwater retention
and it is difficult to compare different studies on stormwater retention due to varying environmen-
tal conditions and green roof characteristics. VanWoert et al. (2005a) and Uhl and Schiedt (2008)
both found a positive relationship between substrate depth and retention while, on the other hand,
Berghage et al. (2007) report that a doubling in substrate depth from 4 cm (1.6 inches) to 7.9 cm (3.9
inches) produced almost no noticeable retention increases. Similarly, Voyde et al. (2010a) reports
no statistically significant difference in stormwater retention when increasing soil depth from 5 cm
to 7 cm with the exception of one of 6 plots, which had a pre-grown sedum mat as opposed to
planted plugs; however, it was stated that plant cover improved with the deeper substrate. Possi-
ble hypothesis for these differences between the four studies includes substrate composition, filter
fabric, and plant species present. The use of a retention fabric is thought to improve retention be-
yond the substrate’s abilities but the results of various studies are inconclusive (Uhl and Schiedt
2008; Voyde et al. 2010a; VanWoert et al. 2005a). Several studies have also examined the effect of
green roof slope in combination with substrate depth and again results are varied. German stud-
ies have concluded annual retention to be similar for a large range of roof slopes from 2% to 9%
(Van Woert et al. 2005a). VanWoert et al. (2005a) found no difference for heavy rainfalls (>6 mm, as
defined by the author) and only minor differences overall. For a given substrate depth, however,
retention was higher for a 2% slope than a 6.5% slope. Villareal and Bengtsson (2005) also found
substantial differences in runoff between roof slopes when categorized into rain intensity; higher
slopes saw greater runoff. Again, seasonal differences were observed in runoff when distributed
by slope, which can possibly be attributed to the slope and orientation of the green roof positioning
it to obtain more solar radiation energy, thereby potentially increasing ET (Uhl and Schiedt 2008).
Uhl and Schiedt (2008) observed larger differences in runoff in warmer weather, possibly because
of increased lateral flow due to higher conductivity.

One would expect stormwater retention to increase with increased substrate depth (more
water-holding capacity) and more established vegetation (higher transpiration rates) but as can be
seen, this is not so clear. The earlier discussion of monthly and annual stormwater retention yielded
variability that was widely hypothesized to be a factor of rainfall depth and timing and it appears

the relationship between retention and substrate depth is similarly complicated.
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22,5  Substrate Composition

Composition is an important consideration for water retention, plant growth and water qual-
ity of runoff. Studies have shown that increased organic content can aid plant growth, but its
decomposition over time leads to loss of soil volume and water-holding capacity. Furthermore,
organic matter can leach nutrients into the runoff and as such organic content is suggested to be a
maximum of 15% by volume (Rowe et al. 2006).

The substrate used on an extensive green roof is usually a unique blend of materials designed
to retain water and be lightweight. Common material composition includes minerals, such as shale,
slate, clay or volcanic materials, and a variety of fines and organics. Large aggregate materials, such
as shale and slate, are preferred for green roofs because of their lightweight and drainage abilities
but suffer from low water-holding capacity; the ideal green roof media will hold a large amount of
water, but upon capacity drain so as to not pond at the surface (Rowe et al. 2006). Little research has
been performed to specifically improve the physical properties of substrate. Mixed aggregates with
fines and organics, such as peat and compost (compost is a recycled material that has numerous
sources including mushroom and poultry) have been analyzed to improve plant growth (Rowe et
al. 2006; Thuring et al. 2010). Other sources of organics include Polyacrylamide gel (PAG) and Urea-
formaldehyde resin foam (UFRF), which have been used to decrease bulk density, increase water-
holding capacity of soils, and improve plant growth in horticulture and agriculture (Nguyen et al.
2009). Experimental substrate design to improve plant performance on green roofs is in its infancy
and could be found in only three instances in the literature. Contrary to literature, Panayiotis
et al. (2003) did not find an increase in water-holding capacity with the addition of UFRF to a
sandy loam despite increasing the air-filled porosity, and subsequently failed to observe improved
growth of Lantana camara on a green roof. On the other hand, despite realizing increases in water-
holding capacity, Nguyen et al. (2009) did not find these increases to increase plant available water
(presumably TAW) for Orthosiphon aristatus, albeit a species not likely to be found on a green roof.
Rowe et al. (2006) tested various green roof substrate mixtures with increased and reduced water-
holding capacities and found different plant growth behavior for herbaceous and succulent species.
Substrate depth and organic content also played a substantial role in plant growth, especially for
the herbaceous species.

Studies with regards to plant growth and viability in various substrates are limited too. Se-
dum album has been the only plant among both herbaceous and succulents found to be affected
by substrate type when water was available in clay and shale; however, during droughts, plants
in clay did better than shale likely due to the water holding ability of clay. It is hypothesized by
Thuring et al. (2010) that the performance of shale could likely be improved with the addition of
fines or organic material because substrates used were under the organic content recommended by
the FLL. The addition of fines or organics would improve the water-holding capacity of the soil
closer to that of clay and therefore improve drought performance (Thuring et al. 2010), but from
the limited research available this may not be true. Monterusso et al (2005) and Rowe et al. (2006)
similarly found that herbaceous plants in particular needed additional irrigation to offset the lower
water-holding capacity of slate, which has similar characteristics to expanded shale (Thuring et al.
2010).

Higher water holding capacity is important as evident by the performance of clay, however

plants prefer to grow in medias with large proportions of large-sized aggregates, such as shale and
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slate, assuming adequate water supply (Thuring et al. 2010; Rowe et al. 2006). As such, clay-based
media may be better in areas affected by drought due to water retaining capacity of the media
while shale-based media may be better for areas subject to more frequent precipitation, especially
acid rain, which is better neutralized and the ability to dry out quicker (Berghage et al. 2007). Re-
gardless, the most suitable soil may be based on local plant availability because this will determine
the growth requirements. While high organic content should be limited on a green roof because
of the maintenance it incurs, it is important to provide plants the opportunity to thrive in order
to promote transpiration, which affects green roof performance (Voyde et al. 2010; Berghage et al.
2007) and provide the aesthetic and ecological benefits associated with green roofs.

23  Measuring ET

231  Weighing Lysimeters

Weighing lysimeters have often been used to determine ET successfully because they depend
on a simple mass balance where ET is equal to total water input minus percolation and change in
water storage (measured as the change in weight). However, measured percolation and irrigation
are included in the measured weight change and therefore must be added back to the weight before
ET can be calculated (Schwaerzel & Bohl 2003). Although generally accurate, lysimeters require a
significant financial investment, maintenance, and a long study period (Meissner et al. 2008). The
most important part of a weighing lysimeter, if it is to be used for quantifying ET for a particular
type of vegetation, is that the soil mixture and plants be the same as the area being modeled (Allen
et al. 1998). Lysimeter applications in poorly watered vegetation prove to be particularly problem-
atic due to differences in soil texture, soil depth profile, fertility, salinity, and thermal conditions in-
side and outside lysimeters (ASCE 1996) and ET may fall outside the limits of the resolution of the
lysimeter. Lysimeter design and operation details will also affect measured ET (Vaughan 2007). A
common issue with weighing lysimeters is measuring percolation. A funnel with a tipping bucket
can be used to measure the percolation, but the bottom of the lysimeter has a tendency to clog and a
water saturated zone at the bottom can cause temporary anaerobic conditions influencing capillary
rise during evapotranspiration (Weihermueller et al. 2007); additionally, high percolation rates my
exceed the capacity of the rain gauge. Another method to measure change in water storage and
to corroborate the lysimeter data are tensiometer and TDR probes; a tensiometer probe contains a
small vacuum with which it detects changes in soil tension and TDR probes emit an electric cur-
rent whose response changes based on the water content of the soil around it (Schwarzel 2003).
TDR probes were found to more accurately measure the change in soil moisture than tensiometers
(Schwarzel 2003), although their high cost prevents widespread installation (Denich and Bradford
2010). Nonetheless, redundancy in soil moisture measurements is a good thing and can only lead
to more accurate data. Considerable improvement in ET measurements has also been shown with
the use of post processing of data, such as with a Savitsky-Golay filter (Vaughan et al. 2006).

2.3.2  Energy Flux Measurements

The strenuous installation requirements of weighing lysimeters have lead to more advanced
direct measurements of ET. The Bowen Ratio Method and Eddy Correlation Method require the
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measurement of the individual components of the atmospheric energy and mass balances to find
actual ET.

The Bowen Ratio Method relies on the ratio of the sensible heat flux to the latent heat flux,
which can be further defined as a psychrometric constant times the ratio of the change in tempera-
ture to the change in water vapor pressure for two different heights. The Eddy Correlation Method
determines the sensible and latent heat fluxes by measuring the vertical windspeed, temperature,
and vapor density instantaneously and averaging the results over a specified time. However, suc-
cess varies using these two methods. Certain times of the day are not well suited for measurements
using Eddy Correlation because of condensation that develops inside the instrumentation, espe-
cially in the early morning hours. Other times the vapor pressure gradients are simply too weak
to be accurately determined. It is imperative to use instruments that sample with high frequency
and high sensitivity, especially for times with low humidity (Bidlake et al. 1996; Harrington et al.
2004; Jia et al. 2009). Regardless, numerous applications of Eddy Correlation measurements have
successfully been applied in Florida using care to abide by fetch requirements and systematic data
processing (Jia et al. 2009) and in other water-limited agricultural areas such as Africa (Kakane and
Agyei 2006). Still, despite the advances made in sensor technology in the last 20 years, both Har-
rington et al. (2004) and Bidlake et al. (1996) concluded that the methods did not account for all the
energy as estimated by the measured total solar radiation minus the subsurface heat flux and rate
of heat storage in the canopy (if applicable).

Given the variability of results from both the Bowen Ratio Method and Eddy Correlation
Method, a weighing lysimeter used in conjunction with either of these methods is expected to give
good corroboration of ET specific to stormwater BMPs. An attempt would also need to be made to
correct any skewed results from the micrometeorological methods that occur during dry periods.
An advantage to these direct energy flux measurements is they have minimal theoretical assump-
tions and may be able to provide ET measurements on a larger scale than individual weighing
lysimeters. Denich and Bradford (2010) ultimately hope to implement eddy covariance measure-
ments of ET for the city scale and relate the network of lysimeter ET measurements to these larger
scale findings.

24  Equations to Predict Evapotranspiration

24.1 Empirical Evapotranspiration Equations

There are many empirical ET models available, some of which are still frequently used for

their simplicity (e.g. 1985 Hargreaves-Samani, Priestly-Taylor, Thornwaite Method, Turc, Makkink).

Each method considers slightly different meteorological variables, and places different weight on
each variable. For example, the Thornwaite and 1985 Hargreaves methods are based on daily tem-
perature values (average and min/max, respectively) and the Priestly-Taylor, Turc, and Makkink
equations are based solely on solar radiation. These methods can produce variable estimates of ET
depending on temporal and spatial scales and as such, require local calibration for proper estimates
(Lu et al. 2005; Jensen et al. 1990; Allen et al. 1998); even with local calibration, methods, such as
Thornwaite, underestimate ET in arid conditions and overestimate ET in wet climates due to lack
of a representation of the vapor deficit (Pereira and Pruitt 2004). Perhaps one of the most impor-
tant misuses of these empirical methods is the time step at which they are applied. For example,
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the FAO24 Blaney-Criddle was recommended for one month or longer and the pan evaporation
method was recommended for ten or more days. These limits are not always respected because ET
estimates are often needed on smaller timescales for irrigation requirements (Allen et al. 1998).

The multitude of choices led organizations such as ASCE and the FAO to recommend a pre-
ferred method to estimate ET. In 1977, in FAO Irrigation and Drainage Paper No. 24 (Doorenbos
and Pruitt 1977), the Blaney-Criddle method was recommended as an alternative to the analytical
modified Penman equation and pan evaporation method for instances where only air temperature
was available. Subsequent studies revealed the necessity for an update and the ASCE published
Manual of Practice No. 70 (Jensen et et al. 1990) in which the analytical Penman-Monteith equa-
tion was recommended as the sole method for estimating ET. However, where data was limited to
temperature, the 1985 Hargreaves equation was recognized as providing the best estimates with
the widest range of validity of the available empirical equations (Allen et et al. 1998). In 1998 and
2000, the FAO and ASCE, respectively, discouraged the use of empirical equations, instead rec-
ommending standardized Penman-Monteith equations with methods for estimating the necessary
parameters from simple climate data sets (Allen et al. 1998; Walter et al. 2000).

24.2  Penman and Penman-Monteith Equations

The Penman Equation (Eqn 2.4.1) was first developed in 1948 and was the first method to
combine the energy balance and mass transfer functions for determining ET (Penman 1948):

A
Qn + ——E, (2.4.1)
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where E" = flux of latent heat due to evaporation, A = slope of the curve saturation vapor pressure
(at water surface) vs Temperature, y = psychometric constant, Qn = net radiation absorbed, and E,
= the drying power of the air (Vieux, 2008).

The Penman-Monteith equation (Eqn 2.4.2) was developed in 1965 (Monteith 1965) and com-
bines the Penman equation with vegetative parameters that include an aerodynamic resistance and

surface resistance (Allen et al. 1996).
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where R;, is the net radiation, G is the soil heat flux, (es - ¢;) represents the vapour pressure deficit of
the air, p, is the mean air density at constant pressure, c, is the specific heat of the air, A represents
the slope of the saturation vapor pressure temperature relationship, y is the psychrometric constant,
and r; and 7, are the (bulk) surface and aerodynamic resistances.

Each of the energy components in equations 2.4.1 and 2.4.2 is broken down into parameters
that can be approximated by meteorological factors that include mean temperature, mean wind
speed, relative humidity, and solar radiation. A complete set of procedures for estimating these pa-
rameters can be found in Allen et al. (1998). The Penman and Penman-Monteith equations should
not require local calibration because they model the physical process of ET, although substantial
improvement of ET estimates have been found for the Penman equation with a locally calibrated
wind function (Walter et al. 2000; Allen et al. 1996). The Penman-Monteith equation incorporates
the effects of plant physiology (r; and r5) and while improving the estimate, adds complexity to the
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equation. The most significant change between the Penman and Penman-Monteith equation is the
replacement of the linear wind function with the surface resistance parameter r;, which changes
with windspeed and causes calculated ET to vary curvilinearly, decreasing with increasing wind-
speed. On the contrary, the Penman equation has been shown to overpredict ET in moderate to
high winds (Allen et al. 1996).

Substantial research is required to quantify the plant characteristics because they are not yet
fully understood (Black and Osmond 2003; Chen and Black 1983; Pittenger and Shaw 2004, 2007).
Feller (2011) attempted to calibrate the Penman-Monteith equation using lysimeter data from an
extensive green roof containing a variety of sedums. The lysimeter data was used to fit the direct
Penman-Monteith equation for values of r, and rs. The aerodynamic resistance parameter, 7,, is
based on the roughness length governing momentum transfer and are estimated with a series of
relationships that are based on crop height (Allen et al. 1998). Sedum’s are low lying vegetation
generally shorter than the reference crop height of 0.12 m; reducing the height used to calculate
7, increases r,. Feller (2011) used standard methods from FAOS56 to estimate the aerodynamic
resistance with two changes to the reference variables; the height of the crop, h, was changed to
0.1 m and the height at which the humidity measurements were taken was 0.5 m instead of 2 m.
This yielded a r; of %, where u; is the average windspeed 2 m above the surface. The parameter
rs was taken to be 100 s/m. Reduction coefficients were found by minimizing the sum of the
squared errors between the measured lysimeter ET and the Penman-Monteith equation (2.4.2). The
reduction coefficients 0.62 and 0.81 were found for r, and 7, respectively, using data from April to
November 2009. The parameter r, was ultimately taken to be % and r; was 81 s/m (Feller 2011),
compared to the reference parameters % and 70 s/m (Allen et al. 1998).

These values for 7 and r, are difficult to compare to accepted values for other crops or to
values of k. because of the unique physiology and physical characteristics of sedums. However, 7,
can be otherwise estimated from Eqn 2.4.3 (Allen et al. 1998).

_ "l
LA Iactive

where 7, is the average stomatal resistance of a leaf [s/m] and LA,y is the active Leaf Area In-

rs (2.4.3)

dex, which is defined as the sunlit surface area of leaf per area of ground [m?/m?]. Depending on
the maturity of the plant, LAl is usually taken to be between three and five with LAI, ., estimated
at half. If r; is assumed to be 1000 s/m (see 2.2.3) and LAI is four, then r; can be approximated
at 500 m/s, which is substantially higher than Feller (2011). The parameter r, calculated by Feller
(2011) was also substantially different from the reference value, indicating that the zero displace-
ment heights and roughness lengths that determine aerodynamic resistance may not be the same
for a sedum green roof compared to a field of turf grass. More work needs to be performed in
this area, but the resistance parameters from Feller (2011) may not be a realistic representation of
sedum physiology although it is also unknown what type of complicating factors might affect the
presented results. Determining s and r, is obviously a tedious task that may vary considerably
based on the green roof location and the variety of vegetation present.

As a result, the concept of reference ET was developed to provide a consistent measure of ET.
Reference ET is ET from a reference surface (reference crop with no environmental stresses), usually
taken to be short turf grass or the taller alfalfa plant. Modification of reference ET to match actual
environmental conditions and plant selection is accomplished with crop and stress coefficients.
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There are numerous implementations of the Penman and Penman-Monteith equations that
may include modifications for wind function and mean daily vapor pressure deficit and are for-
matted to match the inclinations and requirements of individual types of users: California Irri-
gation Management Information Systems (CIMIS), Natural Resources and Conservation Service
(NRCS), Holdridge, British Meteorological Office of Rainfall and Evaporation Calculation system
(MORECS). The standardized reference equations as promoted by the FAO and ASCE were devel-
oped to provide a standard, unified approach for all types of users worldwide (Allen et al. 2000).

243  FAO56 Standardized Reference ET Equation

In 1998, the FAO of the United Nations published FAO56 as an update to FAO24 (Dooren-
bos and Pruitt 1977), promoting a standardized reference Penman-Monteith equation as the sole
method for calculating reference ET (Eqn 2.4.4). The publication was a result of an international
commission that reviewed the then-currently accepted methods for calculating reference ET (from
FAQO24) and concluded that advances in research and technology allowed for improved reference
ET measurements. FAO56 defined the reference crop as having a height of 0.12 m, a surface re-
sistance (rs) of 70 s/m, and aerodynamic resistance (r;) of % s/m and an albedo of 0.23; it is
assumed the crop is of uniform height, actively growing, and with adequate water. The equation
for reference ET is:
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where ET, is reference ET [mm/day], R, is net radiation at the crop surface [M]/ m2/ day], G is
soil heat flux density [M]/m?/day], T is mean daily air temperature at 2 m height [°C], u, is wind
speed at 2 m height [m/s], es is saturation vapor pressure [kPa], ¢, is actual vapor pressure [kPa],
es-e, is saturation vapor pressure deficit [kPa], A is slope vapor pressure curve [kPa/°C], y is psy-
chrometric constant [kPa/°C].

Since the FAO56 reference ET has pre-established plant parameters, a single crop coefficients,
ke, is used to modify the reference ET for specific crops (ETc). The coefficient k. is based on the crop
characteristics and changes throughout the growing season. A second coefficient, k;, is used to
account for stress conditions that arise from drought, salinity, management practices, and disease
and is the final step in estimating actual ET (ET, 44;)-

Fairly little effort has been placed in specifying the stress coefficient (ks) and crop coefficient
(kc) for stormwater applications despite the potential benefit of accurately predicting ET. The stress
coefficient ks will vary from year to year and would be difficult to predict. The stress coefficient is
better suited to real-time monitoring and estimation of irrigation demands. For stormwater BMPs,
several values may be recommended for various climatic years: wet, average, and dry.

Allen et al. (1996) provides some guidelines for estimating ET from natural vegetation and
includes a discussion on parameter k.. In general, k. should not exceed 1.3 for grass reference be-
cause the “reference crop provides a nearly maximum sink for short-wave radiation and has large
LAI and roughness to promote energy and vapor transfer.” Additionally, the Penman-Monteith
equation assumes a large field of vegetation (>50m diameter) for lateral energy fluxes to be negligi-
ble. Field calibrated values of k; higher than 1.3 may indicate a problem with field measurements
including a miscalculation of vegetation leaf area, a significant lateral energy transfer to/from the
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lysimeter, or bad weather data. It is noted, however, that smaller areas of vegetation may exhibit k.
values of 150%-180% of 1.25, which is a range of 1.9 to 2.3 (Allen et al. 1996). Two studies that quan-
tify the crop coefficient, k., for green roofs include one in Italy and one at Penn State University,
State College, PA. Lazzarin et al. (2005), in Italy, used soil hygrometer measurements and potential
ET as calculated by a form of the modified Penman Equation to develop a curve for k. against soil
relative humidity, which is defined as the ratio of the water content to saturated water content. In
2002, there was relatively little water stress and the curve ranged from 0.32 to 0.52 with the aver-
age close to 0.5, but in 2003, the curve was more variable and ranged from <0 to 0.35 (Lazzarin et
al. 2005), likely including the effects of water stress. Rezaei et al. (2005) performed a green house
experiment with four trays each of soil and a mixed bed of Delosperma nubigenum and Sedum album
at a 1:1 ratio. The trays were irrigated and set to dry for 21 days during which time the weight of
each tray was monitored and compared to ET, to determine crop coefficient values. It is unclear
which methodology was used to determine ET,. The experiment was performed twice, once for
winter conditions, which produced a combined k;k, coefficient of 0.74, and once for fall/spring
conditions, which produced a ksk. coefficient of 1.97 (Rezaei et al. 2005). The variable results of
the studies above exhibit the need for more green roof specific estimation of crop coefficients; more

discussion on estimating k. and k; is presented in 3.0 Methodology.

244  ASCE Standardized Reference ET Equation

In 2000, the ASCE standardized a slightly different reference ET equation, splitting the Penman-

Monteith equation into one for a short reference crop and one for a tall reference crop by issuing a
table of constants to accompany the ASCE PM equation (Eqn 2.4.5) (Allen et al. 2005).

Cn
0.408A(R, — G) + vy uy(es — eq)
T +273
(2.4.5)

A+ (1 + Cyuz)

ETs, =

where ET;, is standardized reference crop ET for short or tall surfaces [mm/day or mm/hr], C, is a
numerator constant that changes with reference type and calculation time step [K mm s®/Mg/day
or K mm s3/Mg/hr], C; is denominator constant that changes with reference type and calculation
time step [s/m], and the other variables are similar to FAO56.

The coefficients C,, and C; are based on the timestep desired for ET calculations and the
reference crop chosen. The reference crops defined by ASCE are the same 0.12 m high grass as in
FAQO56 as well as a taller plant, 0.5 m high alfalfa. Reference ET for each of these crops is desig-
nated ETys and ET}s, respectively. Allen et al. (2005) felt that a single equation was least confusing
but desired to represent both types of reference ET that were commonly used and for which crop
coefficients were available.

Perhaps the most important contribution of the ASCE PM equation is the different constants
for both daily and hourly calculations. While the FAO56 PM can be applied at hourly time steps
by using 37 instead of 900 in the numerator (Eqn 2.4.5) along with hourly weather data, Itenfisu
et al. (2003) showed improvement in the ASCE PM over FAO56 PM for hourly calculations during
both daytime and nighttime when comparing sum-of-hourly vs daily ET; the ASCE PM equation
provides different resistance parameters for daytime and nighttime. The ASCE PM equation also
provides clear guidelines for use of the alfalfa reference crop. The crop coefficients applied to ET,
are distinct depending on the type of reference ET. Allen et al. (1998) estimates the alfalfa family
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of crop coefficients to be 1.05-1.3 of the grass family crop coefficients, depending on humidity and
wind conditions; predictive equations exist to convert ET;s to ETys based on these conditions (Allen
et al. 1998). However, it should be noted that the crop coefficients published in Allen et al. (1998)
for FAO56 PM can be used with ETs from the ASCE PM equation (Itenfisu et al. 2003).

2.5  Sub-daily Evapotranspiration Measurements

Daily-calculated ET may misrepresent the ET occurring due to changes in humidity, wind
speed and temperature throughout the day. Both evaporative power and plant stomatal resistance
change with weather conditions (Allen et al. 1996, 1998; Irmak et al. 2005). Research has shown that
using surface resistance of 70 s/m for reference grass will under-predict ET during the daytime and
over-predict ET during the nighttime. Several studies have confirmed 50 s/m for daytime and 100
s/m for nighttime to be more appropriate on an hourly basis (Itenfisu et al. 2003; Irmak et al. 2005).
The use of 70 s/m is, however, still considered appropriate for daily time steps (Allen et al. 2006).
The energy ground flux may also affect ET on an hourly time step, as it is generally highest during
the dawn and dusk hours; it is often approximated to be zero on a daily basis (Allen et al. 1996).
Procedures for approximating the ground flux hourly can be found in Allen et al. (1996, 1998).
Changes in incident radiation from morning to evening could also explain differences in daily vs
sum-of-hourly ET as the sunlight hits the leaves at different angles.

Some applications, such as stormwater BMPs, may benefit from hourly or smaller time steps
due to the small time scale in which they operate. Rain events often occur only for short amounts
of time (hours) and the retention recovery implications of ET are critical to understanding how
BMPs such as green roofs are affected by changes in weather conditions. Daily time step ET may
not present enough detail for research into understanding the behavior of the coefficients k., and k;
but would certainly be accurate enough for implementation in SCM design.

Studies validating the FAO56 PM and ASCE PM have included hourly comparisons with
lysimeter measured ET and each study revealed relatively good accuracy with the highest rates
of ET early afternoon (Irmak et al. 2005; Itenfisu et al. 2003; Howell and Evett 2005; Allen et al.
2006). Voyde et al. (2010) and Berghage et al. (2005) similarly determined the highest rate of ET to
be between 12pm and 3pm immediately after irrigation in a greenhouse simulation of a green roof
comprised of sedums. An hourly time step for calculating ET would capture this daily peak and
could have substantial implications for a green roofs retention recovery if one considers the lower
soil tension present after a rainfall.

2.6 Sensitivity of ET Estimates

It is widely accepted that accurate ET estimates from any of the Penman-Monteith equations
is dependent on good weather data; Allen et al. (1996, 1998) provides helpful quality assurance
procedure for weather station data (Irmak et al. 2005; Itenfisu et al. 2003). Additionally, the PM
equation functions under the assumption of a large expanse (>50 m in all directions) of vegetation
to negate lateral energy fluxes and expects the vegetation to be healthy, well-watered, and actively
growing. Violations of each of these expectations can result in poor results (Allen et al. 1996).

Studies have shown ET predictions to be volatile in high-advection, high vapor pressure
deficit conditions (Howell and Evett 2004; Allen et al. 2005; Irmak et al. 2005; El Khoury 2010); var-
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ious wind functions have been employed with the Penman and Penman-Monteith equations in the
past to improve estimates. Wind affects ET by transporting water vapor away from the crop surface
and change the aerodynamic and surface resistances of the vegetation (Itenfisu et al. 2003; Jensen et
al. 1990; Allen et al. 2006). In fact, El Khoury (2010) found PM estimates of ET to be an order of mag-
nitude more sensitive to wind than any other climatic variable and suggests that an anemometer
at any site requiring ET estimates would greatly reduce the uncertainty of estimates for relatively
little expense; in contrast, Martin (2009) reported greater sensitivity to relative humidity for simu-
lated green roof runoff. ET estimates are also especially sensitive to the coefficients used with ET,,
especially low k. values (Martin 2009; El Khoury 2010; Allen et al. 2005). The FAO56 values for crop
coefficient k. are considered valid for an average minimum relative humidity of 45% and average
wind speed conditions of 2 m/s (Allen et al. 1998, 2005). Although the standardized PM equations
account for wind speed when calculating ET,, vegetation with a different aerodynamic resistance
would respond differently and k. does not incorporate changes in wind speed (El Khoury 2010).
Additionally, k. coefficients were determined under ideal growing conditions, which may be atyp-
ical of actual conditions, although the dual crop coefficient method was found to be more robust
than the single crop coefficient method (Allen et al. 2005). Lastly, the stress coefficient ks may vary
based on vegetation and substrate type and depth for a given soil water content (El Khoury 2010).
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Chapter s

Theory and General Methodology

3.1 Villanova Green Roof

The Villanova green roof is a retrofit of the roof that is situated on part of the Center for
Engineering, Education, and Research (CEER) building on Villanova University’s campus. The
building abuts Spring Mill Road (PA State RT 320) in Villanova, Pennsylvania. The green roof is
considered extensive and was built in July 2006 and is 53.4 m? (575 ft?). The roof was designed to
capture the direct rainfall and according to the designer has a rain capacity of 4.7 cm (1.85”). The
Villanova green roof, from bottom to top, consists of an impermeable membrane, a drainage layer,
absorbent filter fabric, 10 cm (4”) of soil media, and a variety of Sedums (Appendix A). A typical
cross section for an extensive green roof can be seen in figure 3.1.1. The soil media used for the
Villanova green roof is the rooflite® extensive mc made by Skyland USA, LLC (Appendix B) and
is designed to be lightweight and to have a high water content when water is available but also
drain to avoid ponding at the surface. Sedums were planted for their ability to thrive in a diverse
set of conditions that include both saturation and periods of drought. Sedums are particularly well
suited for the highly porous rooflite® media. More information regarding Villanova’s green roof
and current green roof design standards can be found in Feller (2011), PADEP (2006), and FLL
(2002).

Additionally, the green roof includes a full weather station that measures solar radiation,
wind speed, rainfall, temperature, and relative humidity (Figure 3.1.2, Table 3.1.1, Appendix C).
These parameters are measured for use in the Penman-Monteith equation, which is used to model

ET to compare to the results from the weighing lysimeter.

Vegetation
Growing media ———

Filter fabric
Drainage layer ———————|

Moisture / root

barrier

Building structural
support

Figure 3.1.1: Typical Extensive Green Roof Cross Section (Martin 2009)
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Figure 3.1.2: Schematic of green roof and current instrumentation (Feller 2011)

Table 3.1.1: Weather Instrumentation used at the green roof (Feller 2011)

Parameter Product Instrument
No.
Temperature HMP50 | Vaisala Temperature and RH Probe
Relative Humidity | HMP50 | Vaisala Temperature and RH Probe
Wind Speed 014A Met One Anemometer
Solar Radiation LI200X LI-COR Silicon Pyranometer
Rainfall 2149 American Sigma Rain Gauge
Datalogger CR1000 Measurement Control Sys
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311  Weighing Lysimeter

The weighing lysimeter on the green roof is a cubic structure made of CPVC with the inner
dimensions 45.7 cm x 45.7 cm x 10 em (18”x18”x4”) (LxWxH) (Figure 3.1.3). The weighing lysime-
ter box is situated on top of three Sentran load cells (model PF; capacity 45.5 kg (100 Ibs); accuracy
0.25%; compensated temperature range 4.4°C to 60°C (40°F to 140°F)), which are connected to a
Campbell Scientific CR1000 datalogger. Both the green roof and the weighing lysimeter consist of
the same layers as mentioned previously. The lysimeter box sits on top of the green roof. Addition-
ally, the lysimeter, despite having a drainage layer, has no opening from which water can drain. As
a result, the lysimeter will overflow out the top in cases where it rains more than there is storage in
the box where as the green roof itself has an underdrain with an outflow pipe.

Figure 3.1.3: Picture and schematic of weighing lysimeter used in this research. The lysimeter is 45.7 cm x 45.7
cm x 10.2 em deep (187x187x4”). (Feller 2010)

3.1.2 Load Cell Data

Previous research using data from the green roof lysimeter included a calibration analysis of
the load cell data by Feller (2011). A 23 day calibration period was observed with a static weight
of about 66 kg. Although data was collected every five minutes, fluctuations due to solar radiation
and/or temperature forced the analysis of only midnight data points to eliminate solar induced
variations. The 23 midnight data points from the calibration period were assumed to be a normal
distribution with a mean of 66.20 kg and a standard deviation of 0.09 kg. Ninety percent of the data,
with 95% confidence, was observed to fall within 1.04 mm (0.04 in) ET. More discussion regarding

the error of the weighing lysimeter can be found in Feller (2011).
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3.1.3 Water Balance

The ASCE Hydrology Handbook (Allen et al. 1996) describes the general soil water balance
(Eqn 3.1.1):

A®#zs =P —Q, — ET, — DP + GW (3.1.1)

where AO is the average moisture content change of the soil [cu. m/cu. m], z; is the depth of the
soil [mm], P is precipitation and irrigation [mm], Qr is surface runoff [mm], ET, is actual evapo-
transpiration [mm], DP is deep percolation losses [mm], and GW is movement of ground water
into the soil column [mm]. The green roof is not connected to ground water, i.e. there are no DP or
GW fluxes, therefore the equation can be rearranged and solved for ET, (Eqn 3.1.2).

ET, =P — Q, — A@z; (3.1.2)

where P is precipitation as measured by a tipping bucket rain gauge [mm] (American Sigma Rain
Gauge Product# 2149) located on the green roof (Figure 3.1.2). The runoff (Q;) was measured by
an Omega flow meter and a 12” Thelmar Weir with a Senix ultrasonic transducer, although these
were not in operation for the majority of this study. The change in moisture content in the soil is
modeled by the weighing lysimeter and is measured as the change in weight of the system (AW).
Since the weighing lysimeter was built without an out-

flow for runoff, it has a possibility to overflow during W2

heavy rain events. In order to estimate the overflow, ,

the lysimeter weight was evaluated for each day and
the daily maximum weight was noted. Additionally,
the maximum weight recorded for each growing year Wil AW
was also noted. The largest observed weights in 2009 .
and 2010 were 44.1 kg (97.0 Ibs) and 43.5 kg (95.7 1bs),
respectively, and are indicative of the lysimeter being

at full capacity. It is theorized that the difference be- ET
tween the observed maximum weights is a result of RAIN
external factors e.g. rain intensity being greater than < .
the infiltration rate of the soil.
Both the daily maximum weights and yearly W1.5

maximum weights were used as an indication of the

lysimeter being at maximum capacity to estimate over- Figure 3.1.4: Demonstration how the change in
weight (AW) recorded over one day can mis-
lead conclusions about ET. If ET is calculated
simply as the change in weight from midnight
the day of the rain event) and the actual maximum (W1) to midnight (W2), ET would be consid-
ered 0 for the day because the rain (more than)

i compensates the weight loss due to ET. In this
to be the lower bound of the overflow estimate. The case, ET is the difference between W1 and the

difference between the maximum weight of the entire lowest weight of day 1 (W1.5). This is equiv-
alent to rain (P) minus change in weight from

midnight to midnight (AW) (Eqn 3.1.2)

flow. The difference between the expected maximum
weight (by adding the rain to the minimum weight of

weight on the day of the rain event was estimated

dataset each year instead of the daily maximum was
used to estimate the upper bound of the overflow es-
timate. Negative overflow results were considered a
product of noise and were estimated as zero.
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Some questions were also raised about the validity of Eqn 3.1.2 depending on the time scale.
On a daily time scale, it is important to include both rainfall, ET, and overflow in the mass balance
because both processes could have affected the resulting weight the next day (Figure 3.1.4). How-
ever, on a five-minute timescale, it can be assumed that only one process is occurring at a time.
As such, the change in weight is indicative of rain or ET depending on the sign. Possible compli-
cation in this situation occurs during overflow where the lysimeter weight is no longer changing
despite both rain and overflow happening. Visual inspection of the data would need to be used to
determine whether additional computation is required on the mass balance. Vaughan et al. (2007)
addressed a similar issue and suggested that the irrigation and percolation amount be added back
to the weight of the system at the one hour time intervals to avoid double counting this measure of
water. In the case of the Villanova green roof, the daily ET mass balance is performed as per Eqn
3.1.2.

3.14 Green Roof Soil Characteristics

Although ET is primarily a function of solar radiation, it can be limited by soil moisture avail-
ability. It is difficult to determine how much water is available in the soil for ET, but understanding
the soil characteristics of the rooflite® extensive mc media will help interpret the patterns of ET as
they relate to rain patterns and soil moisture content. A general analysis of the media’s soil char-
acteristics were provided by the manufacturer and included a soil distribution curve along with
a table of various ranges of values for soil properties such as dry and saturated density, porosity,
water holding capacity, pH and salt content, organic matter content, and nutrients (Appendix B).
However, in order to better understand the water available to the plants on the green roof, labora-
tory work was performed to more specifically determine the soil properties. The dry bulk density
was found to be 0.71 g/cm? (44.3 Ib/ft?), which is within the range provided for rooflite® exten-
sive mc for the Mid-Atlantic region (0.7-0.85 g/cm?, 44-53 Ib/ft}). The specific gravity, Gs, was
estimated using a procedure based on ASTM D 854, the standard test for specific gravity of soil
solids using a water pycnometer. The procedure made use of a 500 mL flask in which dry soil
(baked 24 hrs at 105°C) was weighed. Slurry was created with Milli-Q water and a vacuum applied
to remove any air from within the slurry. After 10 minutes of applying the vacuum, water was
added to the slurry until 200 mL of mixture was present. The 200 mL slurry was weighed and
replaced with 200 mL of Milli-Q water, which was also weighed. Specific gravity was computed
based on several trials and shall be considered to be 1.5 (Eqn 3.1.3).

Gs = M (3.1.3)
ms + Mgy — M fyg

where m; is mass of dry soil [g], m g, is mass of flask and Milli-Q water [g], and m ¢, is mass of
flask, Milli-Q water, and dry soil [g].

A soil moisture curve was found experimentally to help identify the range of moisture con-
tent available to the plants by applying a continuously increasing pressure head to a soil column
and measuring the amount of water lost at each step. A soil sample is weighed, baked for 24 hours
at 105°C, and weighed again to obtain the initial moisture content for the experiment. Meanwhile,
a soil column is saturated by pouring water into a burette that is connected to the soil column with
a tube (Figure 3.1.5). The initial water level is read from the burette and the soil column is raised in

24



2-inch increments. The water drained from the soil column will result in a new water level in the
burette, which is noted after 5-10 minutes and the procedure is repeated.

Eventually, an air pocket will form at the top of the tube just below the soil column. This
indicates water is no longer draining from the soil column at the rate at which water is moving from
the tube to the burette. At this point, the change in water level in the burette is not representative of
water draining from the soil column but rather of water leaving the tube as it is raised; this occurs
at about 32 inches of head.

Knowledge of the porosity (n) of the soil (53%, Eqn 3.1.4, Eqn 3.1.5) allows estimation of the
saturated volumetric water content () using the specific gravity and dry unit weight determined
in the lab (Eqn 3.1.6).

e =G I (3.1.4)
Yd
e

0; = 0.8n (3.1.6)

where e is the void ratio [unitless], G; is the specific gravity [unitless], v, is the unit weight of
water [g/cm?], v, is dry unit weight of soil [g/cm?], n is porosity [unitless], ©; is the saturated
water content of the soil [cm®/cm?].

The saturated water content was esti-
mated based on the ratio (about 0.8) of max-

Burette tube

imum water holding capacity to maximum
porosity provided on the material data sheet
(Appendix B) and was measured to average
42%, which is within range of 40-55% listed
for the maximum water-holding capacity of
rooflite® extensive mc.

The field capacity and wilting points of
different soils can be varied based on the char-
acteristics of the soil, but the available water for
plant (i.e. the difference between the water con-
tents at the field capacity and the wilting point)

is very similar for fine to moderately coarse
Tube connecting soi column|

soils (Allen et al. 1996). The soil water retention
and burette

curve (Figure 3.1.6) shows the range of mois-

ture content available for plant uptake on the
green roof. The field capacity is approximated
at 0.39 cm®/cm3, where the slope changes on
the right end of the curve and the wilting point
is estimated at about 0.18 cm3/cm3, where the
slope changes on the left end of the curve. As

Figure 3.1.5: Test setup for determining the soil mois-
ture curve of the green roof growing media. A soil col-
umn is connected by a tube to a burette, which mea-
sures the amount of water that drains from the soil col-
umn as it is raised incrementally.

such, the available water is 0.21 cm®/cm?, which is slightly higher than most published values
(Allen et al. 1996); however, this result may be appropriate since rooflite® substrate is designed to
have a high water holding capacity.
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Volumetric Water Content vs Soil Tension
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Figure 3.1.6: Volumetric Water Content vs. Soil Tension. Reproducible results show an upper drained limit of
about 0.39 (see change of slope on the right) and a lower limit of about 0.18 (see change in slope on the left).

3.2  Estimating ET using FAO56

Actual ET (ET, 44;) is computed using two coefficients to correct reference ET (ET,) for the
vegetation and the environmental conditions present. The first coefficient (k;) is a crop specific
parameter based on the aerodynamic resistance through the foliage of the plant and the stomatal
resistance of the leaf (Eqn 3.2.1) and the second coefficient (k;) is based on the environmental stress
such as salinity and water availability (Eqn 3.2.2) (Allen et al. 1998).

ET. = k.ET, (3.2.1)

ET, .4 = ksET. (3.2.2)

321  Determining ET, by FAO56

Reference ET for the green roof was calculated using the standardized FAO56 Penman-
Monteith equation (Eqn 2.4.4, Eqn 3.2.3) using on-site meteorological data. Data is recorded in
five-minute intervals but summed/averaged as a daily value for computation of ET,. The input
parameters include minimum, maximum, and average daily temperature at 0.5 m; minimum and
maximum relative humidity at 0.5 m; average daily wind speed at 2 m above the surface; and daily
solar radiation. Daily estimates of ET were used instead of hourly estimates because comparison
was being made against the lysimeter, which only measures to within one mm (4-5 hours worth of
ET); additionally, original procedures followed were from Allen et al. (1998), which details daily
timestep computations.
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Since ET, is computed using predetermined characteristics of a reference plant, many of the vari-

ET, = (3.2.3)

ables in the direct Penman-Monteith equation (Eqn 2.4.2) can be calculated and combined into the
coefficients seen in Eqn 3.2.3 and result in a simpler equation. Parameters T and u; are daily av-
erages while R, is a daily computation based on the sum of incoming solar energy (see Allen et
al. 1998). The saturation vapor pressure (¢s) is approximated using temperature data and relative
humidity data (Eqn 3.2.4) where e, (Tyay) is the vapor pressure at the maximum daily temperature
(Eqn 3.2.5) and e, ( Ty ) is the vapor pressure at the minimum daily temperature (Eqn 3.2.6).

1
€s = E(eonax + eonin) (3.2.4)
17.27Tinax —1169
€oTmax = 0.6108e " Tinax+2572 (3.2.5)
1727, 1169
eoTmin = 0.6108¢  Tmin ™72 (3.2.6)

Using the average daily temperature to estimate es tends to underpredict the saturation vapor pres-
sure and in turn underpredicts ET,. As such, the average of e,(Tyax) and e, (T}, ) should be used
when possible (Allen et al. 1998), as in eqn 3.2.4.

The parameter A is the slope of the saturation vapor pressure curve and is estimated for the
day using the mean daily temperature (Eqn 3.2.7,Eqn 3.2.8).

409830Tmmn
A= ——— 0 5 3.2.7
(Tang + 237.2)2 (3.27)
17.27 Tynean —116.9
€oTmean = 0.6108e " Tinean+2372 (3.2.8)

The actual vapor pressure (e;) (as opposed to the saturation vapor pressure) is estimated by using
the extreme vapor pressure (Eqns 3.2.5, 3.2.6) and relative humidity values (Eqn 3.2.9).

o — oTmin RHmax + €oTmax RHyin
! 200

Lastly, v is the psychometric constant estimated by (Eqn 3.2.10) and is taken to be 0.0666 kPa/°C.

(3.2.9)

cpP

where ¢, is the specific heat of water at a constant pressure [1.013 * 10~3MJ /kg/°C], P is atmo-
spheric pressure [kPa] as estimated by Eqn 3.2.11, € is the ratio of the molecular weight of water
vapor to dry air at 0.622, and ) is 2.45 MJ/kg and is known as the latent heat of vaporization of
water.

593 (3.2.11)

where z is the elevation above sea level [m]. This was approximated to be 140 m for the research

_ 5.26
P—1013 (293 0.00652)

site using Google Earth®.
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3.22  Determining Crop and Stress Coefficients k. and ks for Agriculure by FAO56

FAO56 (Allen et al. 1998) outlines two procedures that can be used to determine k. for var-
ious crops. The first is a single estimate of k. and the second is a dual-crop coefficient approach
(Eqn 3.2.12) that separates the transpiration portion (k) and the evaporation portion (k.) (Allen et
al. 1998):

ke = ke + ke (3.2.12)

The method chosen for determining k. depends on the data and resources available. The single
coefficient method is sufficient where the immediate effects of soil wetting events are not important,
but rather the time averaged performance of the system is important. As such, the single crop
coefficient method is recommended for use in planning and design where the timesteps are daily,
10-day, and monthly. The dual crop coefficient can be more accurate if detailed soil and hydrologic
water balance data is available; it is recommended when daily and sub-daily estimates of ET are
required either for real-time irrigation demands or for research. The largest difference between k.
and k., occurs at the beginning of the growing season when there is still significant evaporation
from exposed soil (Allen et al. 1998).
The coefficient k. changes during the

various crop growth stages, which vary for

K : ch+ K

each crop but are broken down into the initial K 4

(keini), development (kyyeo), middle (kgpig), and — C1z0 |Kg || >;, 7 /\;\\ ey
late (k..q) stages. The coefficient k.4, is inter- o1 / Q/ NVANY I
polated as a straight line between k;,,; and k.4 os i Ej §; i; ,g‘/‘\
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(Figure 3.2.1). The stage lengths vary based on e CHA VAR ,\l-\
crop characteristics and weather conditions, es- g PN 72 VYA ANV ‘\A
pecially mean daily temperature. Local obser- ' b :4 \ﬁ/ NZAVZIE2N
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vation, communication with farmers and hor- 02 :ii L™ N NN A
ticulturalists, remote sensing, or sophisticated 0 P "ti’rhé':(’éa’y‘sj' A

plant growth models are suggested for deter-
mining growth stage lengths. On-site observa-
tions of the length of each growing stage (ini-

«— initial | crop development «— mid-season —» late season

Figure 3.2.1: Theoretical variation in k. during the

tial, development, mid, and late) were not per- 8growing season (Allen et al. 1998)
formed at Villanova. However, as a result of
the dry conditions during the summer of 2010,
it is suspected that the green roof spent most of the summer in the initial and development stages,
the former being defined as having approximately 10% ground coverage; consequently, the initial
and development stages may not be applicable in 2010. Allen et al. (1998) provides k. values for an
assortment of non-stressed (i.e. well-watered), well-managed crops in a sub-humid climate, where
the daily minimum relative humidity (RH,,;,) is 45% and average wind speed two meters above
the surface (1) is 2 m/s at mean maximum plant height. Additionally, several protocols are pro-
vided to localize kj,; (based on wetting frequency), ks (based on mean plant height, RH,,;;, and
up), and kg4 (based on mean plant height, RH,,;,, uz, and irrigation practices).

The dual-crop coefficient approach is more complicated because in addition to determining
kp (similar to k. but lower values, Figure 3.2.1) at the various stages, k. is calculated following each
wetting event (i.e. after gravity drains the soil down to the field capacity, see Section 2.2). At this
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point, the coefficient k. is at a maximum and evaporation from the soil occurs at a maximum rate
given the climatic conditions, limited only by the energy available. Once the Readily Evaporable
Water (REW) is evaporated, the evaporation occurs at a decreasing rate until the soil moisture
content is one-half the wilting point. The total amount of moisture evaporated is known as the
Total Evaporable Water (TEW). It should be noted that the effect of k, diminishes as vegetation
cover increases because evaporation from soil beneath the vegetation cover is incorporated in k,
(Allen et al. 1998). In the case of an extensive green roof, where coverage is theoretically 100% but
not necessarily known due to a lack of maintenance, the dual crop coefficient may not be necessary
or feasible.
The procedure for determining the coefficient k. and k., is based on the assumption of ade-
quate water supply. The coefficient ks is used to further reduce the estimated ET (Allen et al. 1998).
If it is assumed that a rain event saturates the soil, the following day the soil will drain due to grav-
ity until the water content of the soil reaches field capacity, also known as the upper drained limit
(©pu)- Plants have access to the water stored between the field capacity and the wilting point, also
known as the lower limit of extractable water (©11). The region of moisture conditions between the
upper drained limit and the threshold moisture content is known as the Readily Available Water
(RAW) during which there is no stress to the plants and k; is one. Readily Available Water is consid-
ered to be a fraction of TAW between 0.3 for shallow rooted plants and 0.7 for deep-rooted plants.
The end of the RAW stage brings the soil to a threshold moisture condition at which point ks de-
creases linearly to zero at the wilting point. Transpiration is the dominant process in ET during the
mid-season with full cover and the single-coefficient k. is intended to incorporate any evaporation.
Under the single-crop coefficient scheme, ET ceases at the wilting point, however the dual-crop
coefficient method would estimate more evaporation because k; is only applied to k., (Eqn 3.2.13)
(Allen et al. 1998).
ETe a4 = (kskep + ke)ETo (3.2.13)
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Chapter 4

Applied Methodology and Results

4.1 Measured ET and Overflow

Evapotranspiration from the Villanova green roof was observed with a weighing lysimeter
during the growing season (April - November) of 2009 and 2010. The year 2009 was a particularly
wet and mild year with 1129 mm of rain and an average temperature of 17.5°C compared with 772
mm and 19.1 °C in 2010, a dry and hot year (Table 4.1.1, Appendix B). Adjusting for overflow during
heavy rain events, 2009 saw 756 mm of ET and 2010 saw 724 mm of ET (Table 4.1.1); this resulted
in 67% retention and 94% retention, respectively. The Penman-Monteith equation is used in the
standardized reference form to model ET and compared to results from the weighing lysimeter to
determine the crop and stress coefficients that accompany the standardized reference ET equation.
An on-site weather station was used to obtain the parameters necessary to calculate reference ET
(ETo) (Table 4.1.1).

ET varied considerably between months and years and overflow was a substantial factor
in 2009 (366 mm), often accounting for 20% to 50% of the measured ET each month, with August
and September having considerably more overflow. Much less overflow was estimated in 2010
(143 mm) when only July and November had substantial overflow (Table 4.1.1). The lysimeter data
adjusted for overflow based on the daily maximum weight (see 3.1.1 Weighing Lysimeter) is used
in all calculations unless otherwise noted.

4.2  FAO56 applied to Green Roofs

For natural or non-pristine vegetation, Allen et al. (1996) recommend the use of the dual-
crop coefficient because of the adjustments to k. that are considered. For example, the coefficient
keprun (Eqn 4.2.1) is an estimate of k., (transpiration coefficient) at peak plant size with adjustments
for climate and mean plant height.

h 0.3
keb futt = Kepp + [0.04(1tp — 2) — 0.004(RHyyi, — 45)] (3) (4.2.1)

The coefficient kp f, can be used as an approximation for k¢ when LAl is greater than three
(typical values are 3-5) (Allen et al. 1998). Additionally, it is assumed that k 7, is a good estimate
for k., for the lysimeter due the lack of an underdrain; the plants in the lysimeter consistently have
a high LAl and did not suffer as much wilting as the rest of the green roof in 2010. Allen et al. (1998)
also suggests that the single crop coefficient k. can be derived from k., by accounting for wetting

frequency. If it is assumed that, on average, southeastern PA sees approximately one wetting event
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per week, ke can be considered ke fy + 0.10 where kg, = 1.0 + 0.1k and h is plant height [m]
(Allen et al. 1998).

Mid-season k., and kp r,; values should also be adjusted based on stomatal control. A resis-
tance correction factor, Fr, (Eqn 4.2.2) is used to modify k., for vegetation that has different internal
properties than the reference grass, which has a mean stomatal resistance of 100 s/m along with
many other agricultural crops (Allen et al 1998).

£ D+(1+034up)
" A+ (14 0.34up )

(4.2.2)

The coefficient kg, is an upper estimate of k¢, and k,+0.10 even more so. Based on the methods
provided in FAO56, k. will be estimated as Frkcp £, + 0.10 with kg, = 1.01. The stomatal resistance,
71, was initially estimated to be 1200 s/m, a mean of the range of values published in literature.
The coefficient ks was modeled to be the residual from ETj,s/ET. and both 2009 and 2010 yielded
monthly ks values greater than one, which of course is not feasible. The monthly values for k.
ranged from 0.8 to 1.1 for both 2009 and 2010.

It is noted in FAO56 that small isolated stands of vegetation often have micro-scale meteo-
rological conditions due to a lack of fetch that can cause an increase in the effect of k; by 50%-80%.
The previous results support this statement and therefore to decrease residual ks values, k. was
increased by a factor of 1.8. Results for ks again did not prove viable, indicating the need to adjust
another parameter such as stomatal resistance.

The first model for determining k. and ks was based on the procedure outlined above and
detailed in Allen et al. (1998). Henceforth, the model is denoted k. (fa056) to signify the method-
ology used to determine k. and estimate ET, ,4;; similar notation is used for the other methods
evaluated (e.g. ks(wgt) denotes ks estimated based on lysimeter weight) and a coefficient with no
parenthetical specification indicates a residual value from fitting the model to the data.

The model k.(fao56) was fit to ETy,s using opposite daily and monthly time scales (super-
script d and m, respectively) for k. and ks. Computing E Tc,adj with k. and ks on the same time scale
would simply regurgitate ETj,s. Initial guesses for 7; of 100 s/m and 2000 s/m were used (range
of expected outcome) but results proved to be unrealistic. The yearly sum of the k.(fa056)" x k%
model was fit to ETjys, which resulted in solutions for 7; in 2009 of 1580 s/m and 18 s/m (for the
respective initial guesses for r7), the former with an average k; of 1.7 and the latter below accepted
values for ;. Fitting the model using k. (fa056)% x k”* did not converge. In 2010, the model using
ke(fao56)™ x k? converged to 7= 606 s/m and 28 s/m, respectively, the former with an average ks
of 0.9 but with ks greater than 1.0 for two months and the latter below accepted values for r;. The
model using k.(fa056)" * k" did converge in 2010 but to ;= 691 s/m and r;= -22 s/m, the former
again with an average ks of 0.9 but with ks greater then 1.0 for three months and the latter below
physical possibilities. Based on these results, it seemed necessary to constrain ks based on the data
in order to calibrate r; and obtain reasonable estimates of ET, ,4; and its parameters.

4.3  Finding k; Using Lysimeter Weight

The weight of the lysimeter is representative of the moisture content and was used to de-
termine the threshold at which ks is no longer one. Previous efforts to estimate k. using FAO56
yielded incompatible results with ks so it was reasoned that determining k; first would allow for a
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better understanding of k.

Using the soil water retention curve, the available moisture content on the green roof had
been estimated to be 0.21 with an upper drained limit (field capacity) of 0.39 and lower limit (wilt-
ing point) of 0.18 based on an average porosity of 0.53. The range of available moisture content
was related to the range of weight seen in the lysimeter over the course of the two-year study. The
maximum and minimum weights were 44.1 kg (97.0 1bs) and 31.7 kg (69.7 Ibs) in 2009 and 43.5
kg (95.7 Ibs) and 27.3 kg (60.1 lbs) in 2010, respectively. It is believed that 2009 did not experience
completely dry conditions unlike 2010; for the purpose of comparing lysimeter weight to moisture
content, 43.6 kg (96 Ibs) and 27.3 kg (60 lbs) were used as the maximum and minimum weights,
respectively.

Since the green roof lysimeter does not have an outflow, “drained” water will remain in the
system until it is either evapotranspirated or overflowed over the sides and thus in the lysimeter
TAW extends from the saturated moisture condition (®;) to a threshold soil moisture condition
(®¢), represented as a percent p of TAW (Eqn 4.3.1).

O =p(O@s —OrL) + O (4.3.1)

Based on this threshold, the moisture stress reduction coefficient (k) for transpiration can be com-

puted (Eqn 4.3.2).

_0-01
0 -0

©; is the threshold soil moisture content taken to be between the saturated moisture condition and

ks (4.3.2)

wilting point and © is the average soil moisture content of the lysimeter (Allen et al. 1996). Allen et
al. (1996, 1998) cite typical RAW values to be between 30% and 70% of TAW with 50% commonly
used. However, in estimating ks and k, this value is critical to avoid muddling the effect of the two
coefficients. Despite literature reports of RAW to be approximately 50%-60% of TAW for sedums,
visual inspection of the data deemed it necessary to estimate the threshold for the circumstances
found at Villanova.

The average weight of each day (Appendix D) was evaluated as if it were the soil moisture
content and if the weight was less than a threshold weight (W;) (Eqn 4.3.1), ks(wgt) was inter-
polated between W; and W,,;,, as per Eqn 4.3.2. Different scenarios were simulated in which the
threshold percent moisture deficit (i.e. weight) varied in 10% increments from 10% to 60%. The
crop coefficient k. was calculated as the residual based on ks(wgt), ET,, and E les on a daily and
monthly basis for both 2009 and 2010 (Tables 4.3.1).

There is a wide range of resulting ks and k. values with the lowest ks values found at the
highest weight threshold (10%, 92.4 Ibs). This is intuitive; as the threshold is lowered, more days
will be considered stressed and the monthly average will decrease below one. Consequently, k. de-
creases with a decreasing threshold. To determine which of these is most appropriate, each ks (wgt)
and k. pair was multiplied with ET, and the monthly ET, ,5; was compared with ETj,;. The sum of
the squared errors was calculated in an attempt to determine the least erroneous estimate. How-
ever, as ks approaches one, the model simplifies and essentially becomes a single coefficient model,
which has no problem calibrating with ETj,; k. depends on ks so the math is circular. Instead,
the monthly k. values were compared year to year. Better use of the Penman-Monteith equation
for stormwater management purposes requires the use of a single crop coefficient (per month) re-
gardless of the yearly stress conditions. The values for k. for 2009 and 2010 for each scenario were
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Table 4.3.2: Correlation statistics for k. for 2009 and 2010 based on varying thresholds for stress

k. correlation statistic from k. correlation statistic from
daily maximum weight overflow yearly maximum weight overflow
10% - 92.4 1bs 0.457 0.247
20% - 88.8 Ibs 0.544 0.318
30% - 85.2 Ibs 0.627 0.400
40% - 81.6 Ibs 0.664 0.475
50% - 78.0 Ibs 0.655 0.540
60% - 74.4 Ibs 0.586 0.548
70% - 70.8 lbs 0.498 0.521

correlated and it was determined that the 40% threshold had the strongest relationship. The corre-
lation statistics using daily maximum weight exhibit a unimodal trend with a slight skew towards
the lower threshold weights (Table 4.3.2). For comparison, k. coefficients were calculated based
on ETjys with overflow calculated from the yearly maximum weight (Appendix E) (as opposed to
daily maximum weight, see Section 3.1.3) and correlated between years (Table 4.3.2). The yearly
maximum based overflow produced a larger range of values especially in 2009, decreased the fit
between 2009 and 2010, and yielded an upward trend in correlation as the threshold weight was
decreased (Table 4.3.2).

The coefficients ks and k. are substantially different between 2009 and 2010, which can
mainly be attributed to the drought in 2010 that killed off a large amount of vegetation on the
green roof. The lysimeter plants were not as affected but saw some thinning as well and may have
contributed to an increased effect of k., which is not modeled here (Figure 4.3.1). The drought in
2010 (i.e. continuous low lysimeter weight) caused a large decrease in ks(wgt) and in turn increased
the residual k. compared to 2009. ETjys (adjusted for overflow with daily maximum weight) mea-
sured only 32 mm less in 2010 than in 2009 compared with ETj,s (adjusted for overflow with yearly
maximum weight), which measured 76 mm less in 2010 than in 2009. The green roof was substan-
tially dryer in 2010 than 2009 with an average lysimeter weight of 33.6 kg (74 lbs) (0.21 moisture
content; 39% TAW) compared with 40 kg (88 1bs) (0.29 moisture content; 70% TAW). Crop ET under
non-standard conditions (ET, ,4;) was estimated in 2009 to be 758 mm with k; (wgt)d * k" and 785
mm with ks(wgt)™ * k¢ (the difference is a result of the timescale at which they are being averaged);
in 2010, ET, 44; was 692 mm and 751 mm, respectively (Table 4.3.3). The percent difference in 2009
was less using ks (wgt)? * k™ (0.3%), but in 2010 the percent difference was less using ks (wgt)™ * k%
(3.7%); all estimates were less than 5% different from ETj,s (using daily maximum weight to calcu-

late overflow).
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(a) June 2009.

(b) October 2010. Summer drought killed much of the vegetation although the lysimeter made out better than

the rest of the green roof.

Figure 4.3.1: Green Roof Vegetation Condition

Table 4.3.3: Estimated ET ,4; using ks (wgt) and residual k. at daily and monthly time scales.

40% deficit 2009 ks (wgt)? ks (wgt)™ 2010 ks (wgt)? ks (wgt)™

81.6 Ibs k" ET, K¢ ET, k™ ET, k4 ET,

ks (wgt) ke ET¢ a4 ET¢ a4 ks (wgt) ke ET, a4 ET¢a4f
Apr 1.0 1.1 93 102 0.8 1.7 94 104
May 0.9 1.2 107 101 0.9 1.6 134 154
Jun 1.0 1.2 106 100 0.4 1.7 100 105
Jul 0.9 1.0 108 115 0.6 1.8 126 138
Aug 1.0 1.4 142 127 0.2 1.7 40 45
Sep 1.0 1.3 93 89 0.2 1.5 25 28
Oct 1.0 1.8 86 75 0.9 24 120 124
Nov 1.0 1.5 51 50 0.6 24 53 54
Sum (Avg) 10) | 13) 758 785 06) | (1.8 692 751

36



44  Using ks(wgt) and kc(fao56) to Estimate ET, ;4

Both the ks(wgt) and k.(fa056) models individually produced substantially different val-
ues for the coefficients depending on month and year. Each of the parameters found were fit
to produce results that agree with the measured ET),, but their validity is not known. There
are still considerable assumptions being made for each method and variables that require better
definition. The two models were fit together in a further attempt to establish #; and eliminate a
variable. In this case, ks(wgt) and k.(fa056) are independent parameters therefore they could be
modeled at the same timescale. Also, ks(wgt) is set using 81.6 lbs (40%) as the threshold based
on the earlier results and initial guesses for r; were 100 s/m and 2000 s/m. For 2009, the model
ke(fa056)? x ks(wgt)? converged from both starting points to 7,=707 s/m and k. resulted between
1.0 and 1.4. The only other model evaluated was k(fa056)™ * ks(wgt)? because it was thought
that the model would be more sensitive to daily changes in ks than k., which should not change
as drastically from day to day. For the model kc(fa056)™  ks(wgt)?, fitting from both initial val-
ues resulted in ;=681 s/m with k. between 1.1 and 1.4. For 2010, the model k. (fa056)" ks (wgt)?
converged only to ;=153 s/m with k. equal to 1.9 for the first seven months and 1.8 for November.
The model k. (fa056)™ * ks (wgt)? similarly converged to a single value of 7;=151 s/m with congru-
ent results to before for k.. The second highest correlation for k. between 2009 and 2010 was at a
threshold of 50% or 78 Ibs. Fitting the model k. (fa056)¢ * ks (wgt)* to E Tiys with ks(wgt) based on
78 Ibs results in a ;=254 s/m and changed values of k. to a unimodal distribution ranging from 1.6
to 1.8. Using kc(fa056)™ * ks(wgt)? yielded almost the same results for 7; at 254 s/m (Table 4.4.1).

Of note is the increasing range of monthly k. as the threshold is reduced. It would seem
that the lower ks values associated with a high weight threshold are forcing high values of k.,
but as the threshold weight is decreased, the highest stressed months (June — August) maintain
high values of k. and the less stressed months towards the beginning and end of the growing year
exhibit lower, more appropriate k. values; this trend is continued using a 74.4 lbs (60%) threshold
too (Table 4.4.1a). Further, the stomatal resistance associated with each set of k. and ks values
increases with decreases in the threshold weight. The trend continues in 2010 for the 60% threshold
(Table 4.4.1b). Lower stomatal resistance increases k. as water vapor more easily escapes from the
leaves to the atmosphere. The difference in resistance values between 2009 and 2010 is likely a
function of a decrease in vegetation density and increased influences of k., on which r; and k; have
no influence.

ET, 44j as found using k. (f 2056)" and ks (wgt)? was plotted against E Tjys for both 2009 (Fig-
ure 4.4.1a) and 2010 (Figure 4.4.1b). In 2009, using a weight threshold of 81.6 lbs, it is immediately
clear that there may have been more overflow events than accounted for as there are several out-
liers where ETjs is more than four times greater than ET, ,4; (bottom right side of Figure 4.4.1a).
Interestingly, despite the increased difficulty in separating ks and k. in 2010, the 2010 model better
predicts ET with weight thresholds of 81.6 lbs (r2 = 0.64), 78 Ibs (12 = 0.66) (Figure 4.4.1b), 74.4 1bs
(r* = 0.65), and 70.8 Ibs (r? = 0.57) compared to 2009 with weight thresholds of 81.6 lbs (1% = 0.45)
(Figure 4.4.1a) and 78 lbs (r? = 0.45). In 2009, the 78 Ib threshold yielded a ks of one for all months,
therefore no lower thresholds were examined in 2009. See Appendix F for figures not shown.

37



38

6€S €eg | 8/€ | c/e | ST | T 161 | ec1 (wr/s)ls
010T
6LL €c/ | UL | 9% | szL | 8L 189 | L0 (w/s)ls
600T
p(3802)%y p(3802)%y p(3802)%y p(1802)%y p(180)%y p(3802)%y p(#802)%y p(18m)%y
p(9500))%y w(9500f)%y p(9500 1)y w(960vS)%y p(9500 1)y w(9G0v )7y w(9500)y (9500 1)y
Sq1 8°0Z - %0Z SALFHL - %09 Sq[ 82 - %08 Sq1 9'T8 - %0F
(18a2) %y qaram 4117 03 powr (9gov )y oy Surmy woxy L Sunmsay (q)
(VA)) (c1) (9°0) (21 (9°0) 61 (01 1 (01 1) (8ay)
80 i L0 971 90 8T 01 Tl 01 I'l AON
01 Q1 60 LT 60 61 01 Il 01 T1 PO
€0 Q1 z0 LT z0 61 01 Tl 01 €1 dag
70 971 €0 8T z0 6T 0T €1 0T A 3ny
L0 LT 90 81 90 61 01 €1 60 €1 m(
9°0 971 S0 LT 70 6T 01 Tl 0T T1 un(
60 Q1 60 LT 6°0 61 01 I'1 60 'l Ke]y
60 Q1 60 LT 80 61 01 01 01 01 idy
(38m)5y | (9g0vf)%y | (38a)sy | (9govf)?y | (38m)%y | (9govf)’y | (38m)sy | (9g0vf)%y | (38m)Sy | (9govf)*y
SALFHL - %09 Sq[ 82 - %08 Sq1 918 - %0F SqI 8/ - %0S Sq1 918 - %0F
010C 600C

p(18a2) %y yym 117 0y [ppow ,(9G0r/)*y oy Sury woy 5y pue %y Sunmsay ()

Sy pue 2y ‘11 uo spoysany} JYSIOM JUSIJJIP JO 109139 YT, :L'H'F d[qeL




y=0.6278x + 1.1544
9 R?=0.45118

ET,q; using k(wgt)? and k (fao56)¢ (mm)

ET),, adjusted for daily overflow (mm)

(a) 2009. Threshold weight is 81.6 1bs (40%).

10 y=0.6562x +1.0198
R?=0.65891

ET, g using k (wgt)? and k,(fao56)¢ (mm)

ET),, adjusted for daily overflow (mm)

(b) 2010. Threshold weight is 78.0 1bs (60%).

Figure 4.4.1: ET estimated by ET, ,4; using kc(fa056) and ks (wgt). Note different threshold values used each
year.

Theoretically, the coefficient k. should not change from year to year, as it is expected to be
used for any vegetated plot with plants identical or similar to those at Villanova. Assuming a
weight threshold of 81.6 Ibs (40%), the moisture stress in 2009 was estimated to be non-existent
almost every month. As such, it should be possible to use k. calculated in 2009 to estimate the
moisture stress in 2010. However, Table 4.4.2 shows that the residual ks produces values greater
than one, unrealistic for a stress coefficient. ET; ,4; was estimated using monthly values of k. from
2009 with monthly values of ks(wgt) with various thresholds from 2010 and the results were well
below measured ET. The lowest percent error was found with a 70% threshold in 2010 because the
stress coefficients were highest, but still underestimated ET by more than 10%. The stress experi-
enced in 2010 caused substantial loss of groundcover, which causes a discontinuity between k. and
ks compared to 2009. While the relationship between k. and k;, is not entirely known, it is likely
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that a dual-crop coefficient is more appropriate because of the ground cover loss; k. is unaffected

by ks and including k., would likely increase estimates of ET.

Table 4.4.2: Monthly k. estimated in 2009 from ks(wgt) with 40% threshold and k. (f2056) is used to:

1. Estimate residual ks in 2010 at a daily timestep (column 3).

2. Compute ET, 447 with ks(wgt) in 2010 at thresholds 50%, 60%, and 70% (columns 4-6).
Residual coefficent k7 is greater than one 4 of 8 months which is not possible and using ks(wgt) to compute
ET, 44j greatly underestimates ET.

| ke(2009) | K | ko(50%) | ko(60%) | ks(70%) |

April 1.0 1.2 0.9 0.9 1.0

May 1.1 1.1 0.9 0.9 1.0

June 1.2 0.7 0.5 0.6 0.7

July 1.3 0.8 0.6 0.7 0.7
August 1.4 0.3 0.3 0.4 0.5
September 1.3 0.2 0.2 0.3 0.4
October 1.1 1.9 0.9 1.0 1.0
November 1.1 1.3 0.7 0.8 1.0
Sum ET, 44j (mm) - - 519 575 643
% Error - - -28% -21% -11%

4.5 Iterative Determination of Coefficients k. and k;

In addition to the more analytical models used in Using ks(wgt) and k.(fa056) to Estimate
ET. 44j, the dataset was also examined on a daily basis to separate days when ET is likely to occur
at the maximum rate and when it is likely to be limited by water availability. One through seven
days were evaluated for water availability following a rain event. Consequently, ET was consid-
ered energy limited if the previous day contained rain (P) that was greater than 0.2 x ET, (‘wet’
conditions), which is recognized as the minimum amount needed to affect the soil moisture (Allen
et al. 1998). Consider the following logic for the first two scenarios (Eqn 4.5.1, Eqn 4.5.2):

Y ET,;, when Pi_y > 0.2ET,; (4.5.1)

Y ET,;, when Pi_5 > 0.2ET,;_4 (4.5.2)

where ET); is reference ET each day, i is the day index, and P is precipitation. ET, and ETjys (with
overflow from maximum daily weight) were both tabulated using these criteria and an average

monthly k. was established (Eqn 4.5.3).
_ ETyys

k.=
°7 ET,

The stress coefficient ks was averaged for any remaining days in each inter-event period. The

(4.5.3)

monthly k. values were multiplied with daily ET, to obtain daily ET.. ETj,s and ET. were summed
for each of the days following the initial ‘wet’ days of an inter-rain event period, up to and including
the next day of rain and the coefficient ks was computed (Eqn 4.5.4); if ks was equal to or greater
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than one, that day was assigned a value of one and the process was repeated for any remaining
days in the inter-rain event period until ks was less than one (at which point the rest of the days in

the inter-event period were assigned this value) or the next day of rain was reached.

ET,
ke = lys
ET,

(4.5.4)

The coefficient ks was averaged monthly and then multiplied with ET;. The results of this method
were that the monthly and yearly estimates of ET got better as more days were added to the k.
computation (Appendix G). It was thought that the increased number of data points was removing
variability and thus improving the estimate.

In response, moving averages of k. for two, three, four, and six days were calculated. The
moving averages were computed up to three, four and six days after each rain event using a for-
ward differencing scheme and executed so as not to include days outside the maximum range; e.g.
for the 3 day moving average with a 6 day maximum, an average was only calculated up to the
fourth day (so as to include days 4-6) and then continued only following another rain event. It
should also be noted that monthly boundaries were not respected so the average of the last few
days of a month may include data from the beginning of the next month. The coefficient k. is
dynamic and as such this is thought to be the most representative despite later compilation into
monthly values.

The values obtained for k. are quite low compared with the previous results with the average
ranging from 0.4 to 1.1 (Table 4.5.1). More importantly, a distinctive trend can be seen in both 2009
and 2010 in which increasing the maximum number of days after a rain event increased average
ke, regardless of the span of the moving average. Again, this may be a function of dampening the
variability. On the other hand, increasing the span of the moving average while maintaining the
maximum number of days beyond the rain event generally produced a decrease in k., with the
exception of the 4-day max scenario in 2009 where the average remained similar. This is in line
with expectations where the average would be encroaching on stressed conditions after some time.

In an attempt to isolate the effect of moisture stress, each inter-event period was broken
down into smaller two-day and three-day segments as opposed moving averages. Multiple k.
values were computed for each month corresponding with the two-and three-day segments. Some
months did not experience inter-event periods long enough to compute the later (past 3, 4 days,
etc.) k. values. The data shows a fairly clear trend of a decreasing k. as the day is farther out from
the rain event. Both 2009 and 2010 show similarity in monthly k. values 1-2 days after a rain event
and 1-3 days after rain event. In 2009, both monthly and average k. for Days 3-4 is also similar
to those of the previous days, but in 2010 shows more variability in the monthly values and the
yearly average drops as ks exerts its influence. Past four days there is a more substantial drop in k.,
especially in 2010 with the exception of November 2010, and past six days both years experience a
considerable drop (Table 4.5.2).
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Chapter s

Discussion and Conclusions

5.1 Green Roofs

Stormwater Control Measures such as green roofs are used as a sustainable approach to
stormwater management. Green roofs have been shown to effectively retain stormwater depend-
ing on their construction and the climate in which they are located. The most popular type of
green roof is extensive, which includes a shallow substrate depth of less than 15 cm and low-
lying, drought-resistant vegetation. Contrarily, intensive roofs have much greater substrate depths
and can include a greater variety of vegetation such as trees. Extensive roofs are generally pre-
ferred because they require less structural support and can often be added as a retrofit to existing
roofs to decrease a building’s impervious footprint. Much of the research on green roofs has been
performed in Europe where they are more common, but they are gaining in popularity in North
America. The last ten years has seen increased research into the effect of substrate composition with
emphasis on sourcing local materials as well as using native plants. Green roofs require a unique
substrate, one that holds water well but does not allow ponding, which would drown the succulent
plants frequently found on extensive green roofs. The research has been performed in two formats,
first looking at plant establishment and growth based on the extreme conditions often found on
green roofs and second, the stormwater retention capabilities of various green roofs. Greater sub-
strate depths have been shown to increase both plant growth and stormwater retention, and plant
diversity provides improved stormwater retention performance although succulents, such as se-
dums, are the most robust, being able to survive in wet and dry conditions. Substrate composition
can immensely affect green roof performance by limiting or facilitating plant growth; attempts to
improve the water-holding capacity of mineral-based substrates with organics and fines has had
mixed success, but is important in order to help encourage the use of locally available minerals
such as shale and slate. Retention performance has been reported throughout the world as a wide
range from 10% to 90%, affected by rain volume and timing, climate, and the individual green roof
characteristics; areas where precipitation is evenly distributed throughout the year report greater
benefit than areas where rain falls only part of the year. Temperature patterns also play a critical
role in retention performance because of the potential recovery that is obtained. More work is still
required to completely understand the benefits of green roofs and how and when to implement
them, but it is clear that when used properly they can be an effective stormwater management tool

in some parts of the world.
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5.2  Evapotranspiration

Stormwater management design is based on the retention capabilities of stormwater control
measures such as green roofs and the losses associated with them. Green roofs, in particular, have
no means of infiltration and therefore rely completely on ET for retention recovery. Despite this, ET
is poorly quantified and is usually based on rough estimates that come from older methods such as
pan evaporation or empirically based models. Unfortunately, both pan evaporation methods and
empirically based models require local calibration for reliable results at smaller time scales. Evapo-
transpiration was monitored on a green roof on Villanova’s campus using a weighing lysimeter in
order to obtain a better understanding of the quantity of losses occurring and how different climatic
parameters affect ET.

Evapotranspiration is the latent heat flux component of the atmospheric energy balance and
energy from the sun is the driving force behind the vaporization of water; the vapor gradient be-
tween the vegetation canopy and the atmosphere dictates how easily ET can occur assuming suffi-
cient water. Measuring ET has been an important task in agriculture for understanding irrigation
needs and a typical technique is the use of a weighing lysimeter. Weighing lysimeters are com-
mon for measuring ET because of their accuracy, assuming they are built to be representative of
their surroundings; however, they can be expensive to install. Pan evaporation systems are also
commonly used techniques because they are inexpensive to obtain and maintain but they require a
coefficient specific to vegetation to accurately represent ET. More recent methods of measuring ET
include Eddy Correlation and Bowen ratio in which the mass fluxes from vegetation are directly
measured. Although they can be highly accurate, they require extremely sensitive instruments
and proper knowledge for use. Empirical equations, such as those based on temperature or so-
lar radiation, can assist in assessing ET, but require local calibration and even then may over- and
under-estimate ET in hot/humid climates and cool/dry climates, respectively, because they are not
modeling the physical processes. The more recent Penman-Monteith (PM) equation combines mass
transfer and energy balance methods and includes vegetative resistances to model ET; it is based
on the earlier Penman equation and was officially recognized by the ASCE and the FAO as the sole
recommended method for calculating ET. The ASCE and FAO both standardized a similar form of
the equation in a reference format in which the vegetation parameters are predefined for a short turf
grass and a single crop coefficient is used to adjust ET for other vegetation; a second coefficient is
used to adjust for environmental stresses. The PM reference equations are intended to simplify the
use of the Penman-Monteith equation so that all types of potential users could accurately predict
ET.

The primary focus of past ET research was to predict irrigation needs in agriculture so as
to prevent unnecessary depletion of water supplies. One objective of this research is to assess the
appropriateness of predicting ET in stormwater control measures such as a green roof using the PM
equation. ET is more difficult to predict for green roofs than for irrigated fields because the water
is supplied only by rain and is therefore unpredictable. The appropriateness of the PM equation
for stormwater control measures is questionable because of the assumptions it requires: sufficient
water; healthy, actively growing crop; fully shaded ground; uniform crop height; and large expanse
of crop to minimize lateral energy fluxes. The biggest violation is probably the large expanse of
crop and on a green roof especially, microclimate conditions may discredit the PM equation; PM
estimates of ET are particularly sensitive to unusual wind patterns associated with urban areas
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were green roofs are found. Sufficient water is also a critical point in stormwater control measures
and could easily lead to poor ground coverage and senescing instead of growing crops. The crop
coefficient changes seasonally based on growth stages, but it is unclear if the stress coefficient is
enough to account for stressed plants should the cover start to thin. Although there is some mention
of the effect of decreasing ground cover in FAO56, little research has been performed providing
a clear picture of how to predict ET based on the highly variable moisture conditions found in
stormwater management where there is no irrigation.

One advantage the ASCE standardized PM equation has are the coefficients for both daily
and hourly timesteps. When applied at an hourly timestep, superior results are obtained when
the surface resistance used in the equation is different at night than during the day; an average of
70 s/m is recommended for daily timestep but 50 s/m and 100 s/m for daytime and nighttime,
respectively. Although stormwater management is likely to be considered at a monthly or even
yearly timescale, rain events happen for sometimes only a couple of hours, therefore it may be
crucial to evaluate days with rain on a smaller scale to understand the patterns of k., ks, and ET;
this could be especially important depending on the timing of the rain and the ensuing weather
pattern.

5.3 Green Roof Coefficients for the Standardized Reference Penman-Monteith
Equation: Experimental Findings

Measurements of ET using a weighing lysimeter on a green roof were compared to the refer-
ence Penman-Monteith equation as standardized by the FAO in 1998 (Allen et al. 1998). Estimates
were considered on a daily, monthly, and yearly basis in an attempt to identify appropriate crop
and stress coefficients for the green roof. The lysimeter is not an exact replica of the green roof
as it lacks an underdrain, which may have increased average moisture conditions compared to
the actual green roof, but the plants and substrate are similar and therefore should still provide a
good estimate of applicable crop coefficients. To keep with common engineering practice and due
to the lack of notes regarding growth stages (the FAO56 suggested scale for k), the crop coeffi-
cient k. was extracted on a monthly basis. Theory indicates that ks would equal one for a range of
moisture conditions and it is during this time that k. could be estimated by ET,;/ET, . However,
there is little research quantifying the moisture range, although recommendations for shallow- and
deep-rooted plants are between 30% and 70%, respectively, of the total available water to the plants
(usually the moisture content between the field capacity and the wilting point). Rain events occur
in different magnitudes, some saturating and others barely wetting the surface and as such were
counted only if the quantity of rain was greater than 20% of the estimated reference ET the next
day. Still, the effect of the rain on ET will differ depending on antecedent moisture conditions.
Several methods were used to determine k., but unless the moisture conditions were directly con-
sidered, irregular estimates were observed. The coefficient k. is highly variable on a daily basis and
even employing various averaging schemes did not stabilize estimates of k.. The most difficult task
was understanding when ks was one. Evaluating ks as one after each rain event was not suitable
due to differences in rain volume and antecedent moisture conditions. Even in situations when
it could be considered one, moisture conditions warranted different lengths for which ks could be
one, further complicating the estimation of k.. Also, the year 2009 was very different than 2010 in
rain patterns and temperature and as such did not necessarily respond well to the same methods
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of analysis. For example, in 2009 there were only four inter-event periods greater than six days and
one greater than eight days while in 2010 there were seven periods greater than six days and three
greater than ten days. Simply choosing a certain number of days after each rain event to include
in an average k. did not work because it was constantly changing and increasing the data used to
estimate k. dampened the variability and resulted in circular calculations with ET,, E Trys, and k.
(with ks = 1). Evaluating k. in two and three day segments provided better results than continu-
ous or moving averages. Table 4.5.2 shows that in 2009 k. tended to be affected by ks after two
to four days depending on the month. Compared to 2009, the months of August and September
in 2010 were almost certainly constantly stressed and as such k., was estimated much lower (Table
4.5.2). Interestingly though, in April and October 2010 k, was estimated much higher up to nine
days after a rain event than in 2009 and inexplicably increased farther away from the previous rain
event. In general though, 2010 experienced decreases in k. after two to three days, which is in line
with the lower moisture contents seen in 2010 compared to 2009. Despite the strange increases in
k. during some months, the yearly average for k. followed very similar trends in 2009 and 2010,
starting at 1.3 and 1.2, respectively, and decreased as the soil dried out. Relating the average weight
of the lysimeter to the average moisture condition of the soil required some detailed knowledge of
the soil characteristics but proved reasonably successful in identifying stressed soil moisture con-
ditions. Once again, determining the threshold at which soil was stressed proved vital to obtaining
viable findings. Since in theory the soil should have the same threshold for stress regardless of
moisture conditions, k. was estimated by dividing ET, into ETj,s but only for days during which
the average weight was above the threshold. An uncertainty analysis was performed to decide
at which point stress was initiated; moisture conditions at 10% through 70% of the total available
water to plants were evaluated and the resulting k. values for 2009 and 2010 were correlated by
month. The percent found to yield the most similar results was 40%, which is in agreement with
estimates of 30% to 50% for shallow-rooted crops in Allen et al. (1996). The results for average
k. based on stress beyond 40% moisture deficit (81.6 Ibs) yielded very similar results, with more
consistent monthly values, to other methods employed, potentially indicating the findings to be in
the right ballpark. The values in 2010, however, were substantially higher and oddly increased at
the end of the growing season. The only thoughts on this phenomenon are that k,was exerting its
influence on k..

The applicability of current theory on k. is important for future use on green roofs and as
such the method described in FAO56 for determining k. for natural vegetation was applied in
conjunction with the stress coefficients based on moisture conditions. Perhaps the most uncertain
variable in the proposed method was the stomatal resistance of the vegetation. Little research was
found regarding this value and the range provided in the literature was quite high from 300 s/m
to 2000 s/m. Rather than guessing on this resistance parameter, the stomatal resistance was fit
based on ks at 40% deficit and experimental data and in 2009 very favorable results were obtained.
Reference grass assumes a stomatal resistance of 100 s/m but the sedums on this green roof were
exhibiting an average stomatal resistance of 750 s/m, which is well within the range reported in the
literature. Additionally, the values for k. trend as expected with a unimodal distribution ranging
from 1.0 to 1.4, fitting the distribution depicted in Figure 3.2.1. An average of 1.2 also compares
favorably with results from other methods used in this study. Results from 2010 were not as clear
probably due to the high stress conditions found throughout the year; results for k. were constant
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at 1.9, which is considerably higher than for 2009 but again similar to results from other methods
used. When 2009 and 2010 are compared, 2010 experienced a higher average temperature than
2009 and drought conditions. It is possible that the stress threshold for this green roof may be
lower but only reachable at extremely high energy levels. Accordingly, both 2009 and 2010 were
analyzed using 50% deficit (78 lbs) instead of 40% (81.6 Ibs) and 2010 was much more sensitive to
this change. In 2009, only July saw a decrease in k., which was probably due to the fact that only
July would have experienced substantial moisture conditions below 81.6 Ibs. On the other hand, all
of 2010 experienced stressed conditions and as a result all monthly k. values decreased as a result
of the change in the threshold condition. Even so, values for k. appear to be higher for 2010, which
may be an effect of the increased energy present and decreasing ground cover (i.e. increase in k,);
correspondingly, the stomatal resistances in 2010 for 40%, 50%, 60% and 70% deficits increased
from 150 s/m to 540 s/m when fit to ETj.

Most notably, perhaps, is the strong fit observed in 2010 between ET, ;4; and ETjy;. Despite
the difficulties in separating k. and k;, 2010 is remarkably well predicted (Figure 4.4.1b). In contrast,
2009 is only moderately well predicted due to several outliers with high ETj,s values and low ET,
(Figure 4.4.1a). Possible explanations for these values include overflow not properly accounted for
and compounding effects of uplift on the lysimeter from wind; the lysimeter sits above the green
roof (Figure 3.1.3) and some of these days experienced higher than average wind speeds.

While more work should be performed for the sake of establishing k. for a green roof of
mixed sedums, this analysis indicates that 1.4 may be a reasonable estimate for k.,,;; with full cover
and it is in line with expectations for natural vegetation as stated in Allen et al. (1996). Furthermore,
water stress can be expected to occur after four days during wet and mild conditions but only after
three days during hot and dry periods (Table 4.5.2).

Choosing the appropriate methodology for determining k; on a green roof is difficult be-
cause instead of estimating how much water needs to be provided to maintain healthy crop that is
evapotranspirating at an energy-limited rate as in agriculture, the estimate focuses on determining
ET based on how much water may or may not be available. Lack of irrigation can cause cover to
disappear increasing the effect of k. and decreasing k., during periods of drought such as was the
case in 2010. The data provides a strong argument that k. varies significantly between the milder,
wetter 2009 and the hot and dry 2010 and that simply adjusting ks does not compensate for the
full range of stress conditions observed in 2010. In fact, using k. from the 2009 ks(wgt) * k. (fa056)
model to estimate k; in 2010 yielded results greater than one. Additionally, when these 2009 k. were
combined with ks(wgt) with varying thresholds in 2010, ET was grossly underestimated by ET, 44
(Table 4.4.2).

It would also seem reasonable that the physiology of the plants changes with increased heat
and vapor pressure gradient as a response to environmental conditions. These are circumstances
that agriculture would not deal with often because irrigation keeps the crops actively growing.
However, for stormwater control measures, it may be crucial to understand these interactions so
as to provide an appropriate range of parameters for use in design. For now, it is suggested that
average conditions be considered and that an appropriate range of k. values are between 1.1 and
1.4 throughout the year. Additionally, average stress conditions can be estimated to be between 0.6
and 0.8, keeping in mind that retention performance might actually be highest during years with
the highest stress (i.e. least rainfall).
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5.4 Future Work

Estimating ET is a complicated task with many variables that have been simplified in past
exercises. However, the availability of water is a crucial component of ET that can drastically alter
the ET process and possibly also the interactions between ET and the affecting factors. Further
work to be done includes a separation of k. in 2010 into k., and k. to model the effects of ground
cover lost. It would be especially interesting to fit k. from 2009 to the dual crop coefficient for 2010
considering that using the 2009 single crop coefficients with ks (wgt)from 2010 did not produce ac-
curate estimates of ET in 2010. Additionally, analysis of ET for the purpose of developing standard
crop coefficients should be performed on a rain event scale to understand the changes in k. and
ks and the timing with which these changes take place. For design purposes, localized estimates
of ET44j would require local predictions of ks, so it would be imperative to be able to estimate
average ks from weather data such as average rainfall per month or average number of rain events
per month. Furthermore, the sensitivity of the Penman-Monteith equation to remote data needs
to examined, especially in urban areas with complex microclimates. From a biology point of view,
more work regarding the stomatal resistance of sedums at the plant physiology level could pro-
vide insight to the effects of weather and extreme conditions. Lastly, continued collection of data,
including accurate measurements of overflow, is planned at Villanova so it will be interesting to see
how predictions based on results from 2009 and 2010 turn out; another year of data, perhaps not at

such opposite extremes, should help validate the model and its associated parameters.

5.5  Closing Thoughts

Given the complexity of the surface and aerodynamic resistances, the raw Penman-Monteith
equation is generally impractical to use, but the standardized equations and their associated pub-
lications do an excellent job of simplifying the parameters and facilitating its use. However, the
availability of data is still crucial and it is unclear if remote data can provide viable esimates of ET.
Numerous studies have compared the applicability of different methods of measuring and estimat-
ing ET in different situations and in circumstances where lack of moisture is not an issue, many of
the techniques available provide accurate results. However, in more arid circumstances, or where
moisture conditions are not inherently known, more research is needed to improve ET estimates.
In the attempt to quantify ET for stormwater management purposes, potential ET should be com-
pared to the measured results using a weighing lysimeter as opposed to other techniques so that
microscale climates can be considered. Clearly, subsequent studies should be done to calibrate the
Penman-Monteith model for use in stormwater BMPs, but I believe the results presented can be
used to roughly estimate ET. The hope is that this research will further the understanding of ET
as it relates to green roofs and assist in producing appropriate stormwater management designs.
Additionally, quantifying ET from stormwater control measures may be the impetus needed for
changing the current standards to include ET as a volume-reducing portion of the water balance

for stormwater management.
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Appendix a

Original Green Roof Plant Design
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Appendix s

Soil Characteristics and Distribution Curve

62



roof lite

Certified Green Roof Media

Typical Green Roof Media Analysis for rooflite® extensive mc

Results on dry weight basis unless specified otherwise

Analysis Units Results* FLL**
Requirements

Particle Size Distribution (See accompanying graph)
Proportion of silting components (d < 0.063 mm) mass % 5-10 <15

Density Measurements**

Bulk Density (dry weight basis) g/em’ 0.70-0.85
Bulk Density (dry weight basis) Ib/ft® 44 - 53
Bulk Density (at max. water-holding capacity) g/cm3 1.15-1.35
Bulk Density (at max. water-holding capacity) Ib/ft® 72-85

Water/Air Measurements

Total Pore Volume Vol. % 65-75

Maximum water-holding Capacity Vol. % 40-55 >35 <65
Air-Filled Porosity (at max water-holding capacity) Vol. % 15-25 >10
Water permeability (saturated hydraulic conductivity) cm/sec 0.02-0.08 0.001-0.12
Water permeability (saturated hydraulic conductivity) in/min 0.47-1.89 0.024-2.83
pH and Salt Content

pH (CaClz) 7.5-85 6.0-85
Soluble salts (water extract) g/L 1.5-3.0 <3.5
Organic Measurements

Organic matter content g/l 30-45 <65
Nutrients

Phosphorus, P20s (CAL) mg/L 150 - 200 <200
Potassium, KO (CAL) mg/L 400 - 700 <700
Magnesium, Mg (CaCl2) mg/L 150 - 200 <200
Nitrate + Ammonium (CaCl2) mg/L 10-40 <80

*  Listed range of values is typical for the Mid Atlantic region

** All values are based on compacted materials according to laboratory standards and testing methods defined by the
Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau e.V.(FLL)
Landscape Development and Landscaping Research Society e.V.
Guidelines for the Planning Construction and Maintenance of Green Roofing, Green Roofing Guideline, 2008

©Skyland USA LLC, 2009 www.skylandusa.us



roof lite

Certified Green Roof Media

Typical Particle Size Distribution for rooflite® extensive mc

FLL Guidelines:
Multiple Course Extensive
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Appendix c

Weather Data for 2009 and 2010
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2009 Daily Rain and Average Daily Temperature
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2009 Daily Avg. Relative Humidity

A Avg. Relative Humidity (%)
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2010 Daily Rain and Average Daily Temperature

(9.) (39410 ay3 anoge w 5°0) ainyesadwa] Ajreq aesany (s/w) paadspuim a3esany Aeg
) Q 5] ) g - ~ a g o
_ I ot/Le/tt Lot/Le/1T
|
|
_ 01/82/01T - 01/82/01
| ©
* a
]
Y »
N 4 o1/8t/6 y-] - 01/82/6
£ °
= .
0 [ J
2 °
01/62/8 “ A - 01/62/8
m L ]
| . e
=]
_ 01/0€/L © o O‘ L - ot/0g/L
L3 .M e ‘ °
_ e o °, ° r
L ) =) ! ]
* * m [ ] Qr ° e
_ ot/og/9 > O% ° - 0T/0€/9
’ 3 %
. a “ [ P
= [ 4 QT g ™
S | t_|e* ™
_ 01/T€/S N g2 "g®Te L ot/1e/s
9 S £ L]
- = | S o ‘ L ]
g g * R °
52 _ - ®
= > T =
iz S 23 oo
S ot/1/s 5 P Lot/t/s
-~ © 1 zZ <
= 3 ** °
& z
.
} } f ! _ o1/1/% o
o o o o o o o o o
S o 0 N © n < o N 3 s =1 o« e
(wod) 3oy Ajeq urey (;w/rN) uoneipey 19N Ajreq




69

2010 Daily Avg. Relative Humidity
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Appendix b

Daily Avg. Lysimeter Weight for 2009 and 2010
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2009 Daily Avg. Lysimeter Weight
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Appendix

Crop Coefficients k. based on k;(wgt) Derived using the Yearly Maximum
Weight to Calculate Overflow
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Appendix

Model ET, 44; vs. ET}s for Different Thresholds
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Appendix c

Crop coefficient k. derived for 1-7 day segments after each rain event
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Table G.1: Results using 1-7 day segments after each rainfall to compute k. with any remaining days in an
inter-event period used to compute ks. In general, the estimates of ET improved and k. decreased as more
days were incorporated. The crop coefficient did not vary unimodally as expected.

(a) 2009. The range of values found for k. was within those expected, but steadily decrease from 1
day to 7 days; k. should vary unimodally. ks increases with increasing days and converges to one.
The estimated ET consistently overestimates ET up to 6 days with decreasing magnititude. The 7 day
segment underestimates ET. The percent error of the estimate improves with more days, likely due to
the convergence of ks, which results in a single coefficient model.

Yearly Sum Yearly Sum
2009 | Averagek. | Average ks ET, a4 ETjys % Error
(mm) (mm)
1 day 1.5 0.8 758 756 0.37%
2 day 14 0.9 766 756 1.34%
3 day 1.3 0.9 761 756 0.77%
4 day 1.3 1.0 765 756 1.22%
5 day 1.3 1.0 760 756 0.57%
6 day 1.3 1.0 758 756 0.27%
7 day 1.2 1.0 754 756 -0.19%

(b) 2010. The range of values for k. ranges from 1.3 to 1.1 and is not unimodal in nature. ET, ,4; does not
consistently over- or underestimate ET but the magnitude of the percent error decreases with increasing
number of days. k; is less than one for each scenario, but increases towards one with increasing number
of days. The estimate improves as ks approaches one becuase the model becomes a single coefficient

model.
Yearly Sum Yearly Sum
2010 | Averagek. | Average k; ET a4 ETjys % Error
(mm) (mm)
1 day 1.3 0.8 663 724 -8.49%
2 day 1.3 0.8 705 724 -2.72%
3 day 1.3 0.8 727 724 0.39%
4 day 1.1 0.9 701 724 -3.21%
5 day 1.2 0.9 694 724 -4.14%
6 day 1.2 0.9 726 724 0.31%
7 day 1.2 0.9 739 724 2.01%
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